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Preface including acknowledgements
7KLV PDVWHU WKHVLV KDV EHHQ SHUIRUPHG DQG ZULWWHQ DW WKH 'HSDUWPHQW RI &KHPLFDO
(QJLQHHULQJ$OOH[SHULPHQWVDQGDQDO\VHVZHUHFRQGXFWHGDWWKHGHSDUWPHQWH[FHSWWKHIORZ
F\WRPHWU\DQDO\VLVZKLFKZDVSHUIRUPHGDW$SSOLHG0LFURELRORJ\6SHFLDODSSUHFLDWLRQJRHV
RXWWR0DJQXV&DUOTXLVWIRUPDNLQJLWSRVVLEOHWRSHUIRUPWKHDQDO\VLVDQGIRUKLVJXLGDQFH
WKURXJKRXWWKHH[SHULPHQW7KHPDVWHUWKHVLVZDVSHUIRUPHGGXULQJWKHSHULRG-DQXDU\
WR0D\DQGLQFOXGHVKS (&76
,ZRXOGOLNHWRWKDQNP\VXSHUYLVRU+HQULN$OPTYLVWIRUDOOWKHVXSSRUWLQWKHODERUDWRU\DQG
DOO WKHSDWLHQWVZLWKP\TXHVWLRQVDQGZRQGHULQJV ,ZRXOGDOVR OLNH WR WKDQNP\H[DPLQHU
*XQQDU/LGpQIRUDOOSRVLWLYHFRPPHQWVDQGWKHWLPHKHSXWLQWRP\SURMHFW$VSHFLDO
)LQDOO\ , ZRXOG OLNH WR WKDQN P\ IDPLO\ DQG IULHQGV IRU VXSSRUWLQJ DQG HQFRXUDJLQJ PH
GXULQJWKHZKROHSURFHVV 

Abstract 
7KHDLPRI WKLVSURMHFWZDV WRVWXG\ WZREDFWHULDOVSHFLHVActinobacillus succinogenes DQG
Basfia succiniciproducensIRUSURGXFWLRQRIVXFFLQLFDFLG
6XFFLQLFDFLGLVDGLFDUER[\OLFDFLGDQGDPHWDEROLWHLQWKHFLWULFDFLGF\FOH,WFDQEHXVHGDV
D IRRG DGGLWLYH WR SURGXFH EXON FKHPLFDOV DQG WRPDNH ELREDVHG SODVWLF 3%6 7KH WZR
EDFWHULD H[DPLQHG LQ WKLV ZRUN QHHG FDUERQ GLR[LGH WR SURGXFH VXFFLQLF DFLG DQG  
VDYLQJ LQ JUHHQKRXVH JDV HPLVVLRQV KDYH EHHQ UHSRUWHG IRU ELREDVHG LQGXVWULDO SURGXFWLRQ
FRPSDUHG WR IRVVLOEDVHG SURGXFWLRQ 6LQFH GRZQVWUHDP SURFHVVLQJ LV H[SHQVLYH LW LV
LPSRUWDQW WR DFKLHYH KLJK WLWHUV RI VXFFLQLF DFLG &RPPRQ SXULILFDWLRQ PHWKRGV DUH
SUHFLSLWDWLRQH[WUDFWLRQHOHFWURGLDO\VLVDQGFU\VWDOOL]DWLRQ
6KDNHIODVNEDWFKDQGFKHPRVWDWFXOWLYDWLRQVKDYHEHHQPDGHLQRUGHUWRHYDOXDWHWKHLPSDFW
RI  FDUERQ VRXUFH  \HDVW H[WUDFW FRQFHQWUDWLRQ DQG  QLWURJHQ VRXUFH RQ \LHOG DQG
SURGXFWLYLW\5HJDUGLQJWKHFDUERQVRXUFHWKHIRFXVKDVEHHQRQWKHILYHFDUERQVXJDU[\ORVH
;\ORVHLVDYDLODEOHLQZDVWHVWUHDPVIURPSXOSPLOOVZKLFKFRXOGPDNHLWDFKHDSHUIHHGVWRFN
FRPSDUHGWRJOXFRVHZKLFKLVXVHGLQWKHLQGXVWULDOSURGXFWLRQWRGD\$OVRLWLVHVVHQWLDOO\D
QRQIRRGFDUERQVRXUFH
7KH JRDO ZDV WR PDLQWDLQ D FKHPRVWDW ZLWKRXW ELRILOP IRUPDWLRQ ZKLFK DOORZV D SURSHU
FKDUDFWHUL]DWLRQDQGWKLVZDVVXFFHVVIXOO\SHUIRUPHG7KHFRQGLWLRQVZHUHJO[\ORVHDQG
JO\HDVWH[WUDFW7KHFXOWLYDWLRQJDYHDVXFFLQLFDFLG\LHOGRIJJDQGDSURGXFWLYLW\
RI  JOÂK 7KH UHDVRQ EHKLQG WKH VXFFHVVIXO FXOWLYDWLRQV ZDV SUREDEO\ WKDW WKH UDWLR
EHWZHHQWKHFDUERQVRXUFHDQG\HDVWH[WUDFWFRQFHQWUDWLRQZDVVXLWDEOH
&XOWLYDWLRQV RQ [\ORVH VKRZ SURPLVLQJ UHVXOWV +RZHYHU WKH SURGXFWLYLW\ QHHGV WR EH
LPSURYHG DQG VRPHZKDW KLJKHU SURGXFW \LHOGV DUH SRVVLEOH 0HWDEROLF HQJLQHHULQJ OLNH
GHOHWLRQRIE\SURGXFWIRUPLQJSDWKZD\VFRXOGEHRQHDOWHUQDWLYHIRULPSURYLQJWKHVH
 

Sammanfattning 
0nOHWPHGGHWWDSURMHNWYDUDWWVWXGHUDWYnVRUWHUVEDNWHULHUActinobacillus succinogenesRFK
Basfia succiniciproducensRFKGHUDVSURGXNWLRQDYElUQVWHQVV\UD
%lUQVWHQVV\UD lU HQ GLNDUER[\OV\UD VRP lYHQ lU HQ PHWDEROLW L FLWURQV\UDF\NHOQ 'HQ NDQ
DQYlQGDV VRP VXUKHWVUHJOHUDUH L PDW I|U DWW SURGXFHUD DQGUD EXONNHPLNDOLHU RFK I|U DWW
SURGXFHUDELRSODVWHU'HWYnEDNWHULHDUWHUVRPXQGHUV|NWHVLGHWWDDUEHWHEHK|YHUNROGLR[LG
I|UDWWNXQQDSURGXFHUDElUQVWHQVV\UD'HWKDUUDSSRUWHUDWVRPPLQVNQLQJLXWVOlSSDY
Yl[WKXVJDVHU I|U GHQ ELRORJLVND SURGXNWLRQHQ MlPI|UW PHG ElUQVWHQVV\UD SURGXFHUDG IUnQ
IRVVLOD NlOORU (IWHUVRP XSSUHQLQJVSURFHVVHQ lU NRVWVDP lU GHW YLNWLJW DWW Qn K|JD
NRQFHQWUDWLRQHU DY ElUQVWHQVV\UD 9DQOLJD PHWRGHU I|U XSSUHQLQJ lU XWIlOOQLQJ H[WUDNWLRQ
HOHNWURGLDO\VRFKNULVWDOOLVDWLRQ
2GOLQJDU KDU JHQRPI|UWV L VNDNIODVNRUPHQ lYHQ VRP VDWVYLV RFK NRQWLQXHUOLJD RGOLQJDU L
IHUPHQWRUHU I|U DWW XWYlUGHUD HIIHNWHQ DY NRONlOOD MlVWH[WUDNW RFK NYlYHNlOOD Sn XWE\WH RFK
SURGXNWLYLWHW9DGJlOOHUNRONlOODQVnKDUIRNXVYDULWSn[\ORVHWWVRFNHUPHGIHPNRO;\ORV
ILQQV L DYORSSVVWU|PPDU IUnQ YLVVD SDSSHUVPDVVDEUXN YLONHW J|U DWW GHW lU HWW ELOOLJDUH
UnPDWHULDOMlPI|UWPHGJOXNRVVRPLQXOlJHWDQYlQGVLGHQLQGXVWULHOODSURGXNWLRQHQ;\ORV
KDUlYHQI|UGHOHQDWWYDUDHQNRONlOODVRPLQWHDQYlQGVWLOOPDW
(WWGHOPnOPHGH[SHULPHQWHQYDUDWWJHQRPI|UDHQFKHPRVWDWRGOLQJXWDQELOGQLQJDYELRILOP
YLONHWJHUP|MOLJKHWI|UHQRUGHQWOLJNDUDNWHULVHULQJ&KHPRVWDWRGOLQJHQJHQRPI|UGHVPHG
JO[\ORVRFKJOMlVWH[WUDNWRFKLQJHQELRILOPELOGDGHV8WE\WHWDYElUQVWHQVV\UDYDU
JJRFKSURGXNWLYLWHWHQYDUJOÂK$QOHGQLQJHQ WLOO DWWRGOLQJHQEOHY IUDPJnQJVULN
YDUWUROLJHQDWWI|UKnOODQGHPHOODQNRONlOODQRFKMlVWH[WUDNWHWYDUSDVVDQGH
2GOLQJDUPHG[\ORVVRPNRONlOODYLVDUSnORYDQGHUHVXOWDW'RFNPnVWHSURGXNWLYLWHWHQ|NDV
RFKlYHQQnJRWK|JUHXWE\WHQlUP|MOLJWDWWQn(WWVlWWDWWI|UElWWUDGHVVDNDQYDUDJHQRPDWW
GHOHWHUDUHDNWLRQVYlJDUI|UELSURGXNWHU


 

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1 Introduction and aim 
6XFFLQLF DFLG LV D GLFDUER[\OLF DFLG ZKLFK XVHG LQ SURGXFWLRQ RI IRU H[DPSOH IRRG
SKDUPDFHXWLFDOVDQGLQWKHELRGHJUDGDEOHSODVWLFLQGXVWU\6LQFHWKHDPRXQWRISHWUROHXPLV
GHFUHDVLQJWKHUHLVDFRQVLGHUDEOHLQGXVWULDOLQWHUHVWIRUELRORJLFDOSURGXFWLRQRIVXFFLQLFDFLG
IURPUHQHZDEOHUHVRXUFHVDQGWKHSURGXFWLRQRIELREDVHGVXFFLQLFDFLGLVDOPRVWDVELJDVWKH
SHWURFKHPLFDOEDVHGSURGXFWLRQ%\XVLQJOLJQRFHOOXORVLFIHHGVWRFNDVVXJDUVRXUFHWKHVXJDU
FRVWV FDQ EH UHGXFHG DQG WKH FRPSHWLWLRQ ZLWK IRRG LV DYRLGHG 6RPH OLJQRFHOOXORVLF
IHHGVWRFNVFRQWDLQDORWRIVXJDUVZLWKILYHFDUERQDWRPVOLNH[\ORVH
7KHUH DUH D QXPEHU RI SRWHQWLDO PLFURELDO SURGXFWLRQ KRVWV ERWK QDWXUDO SURGXFHUV DQG
JHQHWLFDOO\PRGLILHG RUJDQLVPV ,Q WKLV SURMHFW WZR RI WKH EHVW QDWXUDO VXFFLQDWH SURGXFHUV
ZLOOEHVWXGLHGActinobacillus succinogenes and Basfia succiniciproducens
,Q WKLV VWXG\ WZR EDFWHULDO VSHFLHV ZLOO EH LQYHVWLJDWHG A. succinogenes and B. 
succiniciproducens 2I VSHFLILF LQWHUHVW LV WKH FRPSDULVRQ EHWZHHQ [\ORVH DQG JOXFRVH
XWLOL]DWLRQ 0RVW SUHYLRXV VWXGLHV VR IDU KDYH FRQFHUQHG VXFFLQDWH SURGXFWLRQ IURP SXUH
JOXFRVH
)RUWKLVSXUSRVHVKDNHIODVNEDWFKDQGFKHPRVWDWFXOWLYDWLRQVZLOOEHPDGHIRUWKHVHVWUDLQV
7KLV DOORZVD FDUHIXOGHWHUPLQDWLRQRI \LHOGV DQGSURGXFWLYLWLHVRQ WKH WZRFDUERQ VRXUFHV
7KHIRFXVZLOOKRZHYHUEHRQ[\ORVHDVFDUERQVRXUFH
6LQFH WKHSURMHFWRQO\ LVZHHNV WKHPDLQFRQVWUDLQW LV WLPH7KHDPRXQWRIH[SHULPHQWV
ZKLFK DUH SRVVLEOH WR FRQGXFW DUH OLPLWHG0RUHRYHU WZR UHDFWRUV IRU EDWFK DQG FKHPRVWDW
FXOWLYDWLRQV ZHUH DYDLODEOH 6LQFH WKH H[SHULPHQWV VKRXOG EH SHUIRUPHG LQ GXSOLFDWH RQH
H[SHULPHQWDWDWLPHZDVPDGH






2 Background 
7KHEDFNJURXQGVHFWLRQVHUYHVDVDQLQWURGXFWLRQWRWKHSURMHFWSUHVHQWLQJLQIRUPDWLRQDERXW
WKH FKHPLFDO VXFFLQLF DFLG DQG WKH RUJDQLVPV VWXGLHG 6RPH SUHYLRXV VWXGLHV DUH DOVR
VXPPDUL]HG
2.1 Succinic acid 
7KLV VHFWLRQZLOO SUHVHQW LQIRUPDWLRQ DERXW VXFFLQLF DFLG DV DPROHFXOH DQG LWV FRPPHUFLDO
XVH)XUWKHUPRUH WKH LQGXVWULDOSURGXFWLRQDQG VRPHSXULILFDWLRQPHWKRGV IRU VXFFLQLFDFLG
ZLOOEHGHVFULEHG
2.1.1 The molecule 
6XFFLQLF DFLG LV DPHWDEROLWH LQ WKH WULFDUER[\OLF DFLG F\FOH 7&$ZKHUH LW LV DQ HOHFWURQ
GRQRUIRU WKHSURGXFWLRQRI)$'+DQG IXPDULFDFLG ,W LVRGRUOHVVDQGFRORUOHVV6XFFLQLF
DFLG LV D GLFDUER[\OLF DFLGZKLFKPHDQV WKDW LW FRQWDLQV WZR ±&22+JURXSV )LJXUH 
%HFDXVH RI WKHVH JURXSV LW FDQ IRUP VDOWV DQG HVWHUV ,W LV WKH WZR FDUER[\OLF JURXSV WKDW
PDLQO\ GHFLGH WKH FKHPLFDO EHKDYLRU 6XFFLQLF DFLG KDV D ERLOLQJ SRLQW RI  & DQG
S.D DQGS.D :KHQVXFFLQLFDFLGUHDFWVZLWKPRQRDOFRKROVLWIRUPVHVWHUV WKDW
DUH LPSRUWDQW OXEULFDQWV DQGSODVWLFL]HUV:KHQ UHDFWLQJZLWKGLDOFRKROV VXFKDV JO\FROV LW
IRUPVSRO\HVWHUV&RUQLOV	/DSSH

Figure 2.1. Chemical structure of succinic acid. 
2.1.2 Commercial use 
6XFFLQLF DFLG LV XVHG DV IRRG DQG SKDUPDFHXWLFDO DGGLWLYH LRQ FKHODWRU DQG DV DFLGLW\
UHJXODWRULQWKHIRRGLQGXVWU\$QRYHUYLHZRIWKHVHDQGRWKHUDSSOLFDWLRQVIRUVXFFLQLFDFLG
DUHGLVSOD\HGLQ)LJXUH



Figure 2.2. Overview of what succinic acid can be used for (Song & Lee 2006).
3UHYLRXVO\ VXFFLQLF DFLG ZDV PDLQO\ SURGXFHG IURP SHWUROHXP EXW VLQFH WKH DPRXQW RI
SHWUROHXP LV GHFUHDVLQJ DQG WKH HQYLURQPHQWDO LPSDFW KDV WR EH WDNHQ LQWR FRQVLGHUDWLRQ
RWKHUPHWKRGVIRUSURGXFLQJFKHPLFDOVVXFKDVVXFFLQLFDFLGDUHGHVLUDEOH6XFFLQLFDFLGLVD
PHWDEROLWH LQ WKH WULFDUER[\OLF DFLG F\FOH 7&$ DQG FDQ WKHUHIRUH EH SURGXFHG E\
IHUPHQWDWLRQ)HUPHQWDWLYHO\SURGXFHGVXFFLQLF DFLGFDQ WKHUHDIWHUEH FKHPLFDOO\ FRQYHUWHG
WRRWKHUEXON FKHPLFDOV OLNHEXWDQHGLRO %'2DQGDGLSLF DFLG 3RO\EXW\OHQH VXFFLQDWH
3%6FDQDOVREHGHULYHGIURPVXFFLQLFDFLG3%6LVWKHSRO\HVWHURIVXFFLQDWHDQG%'2DQG
LWLVDQLPSRUWDQWSRO\PHUIRUWKHSURGXFWLRQRIELREDVHGSODVWLFV0F.LQOD\9LHLOOHHWDO

)RUWKHELREDVHGVXFFLQLFDFLGWREHDEOHWRJHWRQWKHPDUNHW WKHSURGXFWLRQPXVWEHFRVW
HIIHFWLYH7KHEDFWHULDWKDWDUHXVHGPXVWEHDEOHWRXWLOL]HFKHDSIHHGVWRFNDQGQRWSURGXFHD
ORW RI E\SURGXFWV %\SURGXFWV ZLOO PDNH WKH SXULILFDWLRQ PRUH GLIILFXOW DQG KHQFH PRUH
H[SHQVLYH2QHZD\WRGHFUHDVHWKHFRVWVLVWREXLOGWKHSURGXFWLRQSODQWQH[WWRDSURFHVVWKDW
SURGXFHVWKHIHHGVWRFN IRUH[DPSOHDSXOSPLOO7KLVZLOOPLQLPL]HWKHWUDQVSRUWDWLRQFRVWV
0F.LQOD\9LHLOOHHWDO
2.1.3 Industrial production 
7KH DGYDQWDJHV RI D ELREDVHG SURGXFWLRQ RI VXFFLQLF DFLG DUH ORZHU HQYLURQPHQWDO LPSDFW
DQGSULFHFRPSHWLWLYHQHVV ,I WKHFRVWRI WKHUDZPDWHULDOVFDQEHGHFUHDVHG WKHSURGXFWLRQ
FRVWVZLOOEHVLJQLILFDQWO\UHGXFHG


'XULQJDERXWWRQVRIELREDVHGVXFFLQLFDFLGZDVSURGXFHGJOREDOO\7KLVFDQEH
FRPSDUHG WR  WRQV RI IRVVLOEDVHG VXFFLQLF DFLG 7KHUH DUH FXUUHQWO\ IRXU FRPSDQLHV
ZRUNLQJZLWKWKHSURGXFWLRQRIELREDVHGVXFFLQLFDFLG5HYHUGLD6XFFLQLW\%LR$PEHUDQG
0\ULDQW DOOZLWK JOXFRVH DV FDUERQ VRXUFH 6XFFLQLW\ LQYROYHV WKH FRPSDQ\ %$6) DQG LV
ZRUNLQJ ZLWKB.succiniciproducens DW D  NWSD SODQW LQ 6SDLQ. 6XFFLQLW\ %LR$PEHU DQG
0\ULDQWDUHDOOSODQQLQJWRVWDUWXSQHZSURGXFWLRQSODQWVZLWKFDSDFLWLHVXSWRNWSDLQ
WKHFRPLQJ\HDUV(WHFK5(&25'DQG:85
7KH FRVWV IRU SURGXFLQJ ELREDVHG VXFFLQLF DFLG FRPSDUHG WR SHWUROHXPGHULYHG KDYH EHHQ
DOPRVWHTXDOVLQFH,WLVWKHUHIRUHEHOLHYHGWKDWGHFUHDVLQJWKHFRVWVIRUWKHSURGXFWLRQRI
ELREDVHGVXFFLQLFDFLGZLOOPDNHLWHYHQPRUHFRPSHWLWLYHRQWKHPDUNHW
%HVLGHVWKDWWKHIHHGVWRFNIRUELREDVHGSURGXFWLRQFRPHVIURPUHQHZDEOHUHVRXUFHVWKHUHLV
DQDGGLWLRQDOSRVLWLYHHQYLURQPHQWDOLPSDFW%LR$PEHUKDVUHSRUWHGWKDWSURGXFWLRQRISHWUR
FKHPLFDOVXFFLQLFDFLGHPLWVNJ&2HNJZKLFKFDQEHFRPSDUHG&2HNJIRUELR
EDVHG VXFFLQLF DFLG 7KLV LV HTXDO WR   *+* VDYLQJV 7KH HQHUJ\ XVH IRU ELREDVHG
VXFFLQLF DFLG LV  WLPHV OHVV WKDQ WKH HQHUJ\ XVH IRU IRVVLOEDVHG  (WHFK 5(&25' DQG
:85
2.1.4 Purification 
7RSXULI\VXFFLQLFDFLGLVDFRVWO\SURFHVVDQGUHTXLUHVDFRPELQDWLRQRIGLIIHUHQWSXULILFDWLRQ
PHWKRGV 7KHUHIRUH LW LV QHFHVVDU\ WKDW WKH IHUPHQWDWLRQ JLYHV D KLJK WLWHU DQG LI SRVVLEOH
JLYHVFRQGLWLRQVWKDWFDQVLPSOLI\WKHSXULILFDWLRQSURFHVV)LJXUHVKRZVVRPHRSWLRQVWR
SXULI\ VXFFLQLF DFLG7KH ILUVW VWHS LV WR UHPRYHPLFURELDOFHOOV7KLVFDQEHGRQHZLWK IRU
H[DPSOH FHQWULIXJDWLRQ RU PHPEUDQH ILOWUDWLRQ 7KH QH[W VWHS LQ DOO FDVHV LV WR UHPRYH
LPSXULWLHV DQG WRPDNH D SULPDU\ VHSDUDWLRQ RI VXFFLQLF DFLG IURP WKH IHUPHQWDWLRQ EURWK
7KLVFDQEHGRQHZLWKHOHFWURGLDO\VLVH[WUDFWLRQDGVRUSWLRQRUSUHFLSLWDWLRQ7KHILQDOVWHSWR
SXULI\VXFFLQLFDFLGLVRIWHQFU\VWDOOL]DWLRQEXWYDFXXPHYDSRUDWLRQFDQDOVREHXVHG&KHQJ
et al

Figure 2.3. Some purification options from fermentation to purified succinic acid.  


Precipitation. ,I&D2+ RU&D2 LV DGGHG WR WKH IHUPHQWDWLRQ EURWK VXFFLQLF DFLG FDQ EH
SUHFLSLWDWHG&D2+DQGVXFFLQLFDFLGIRUPVFDOFLXPVXFFLQDWHZKLFKFDQEHUHPRYHGDVD
VROLG 7KH LV WKHQ UHDFWHG ZLWK FRQFHQWUDWHG VXOIXULF DFLG VR WKDW WKH VXFFLQLF DFLG LV
VROXELOL]HG DJDLQ +RZHYHU WR SUHFLSLWDWH VXFFLQDWH UHTXLUHV D ORW RI &D2+ DQG +62
ZKLFKOHDGVWRKLJKRSHUDWLRQFRVWV)XUWKHUPRUHDORWRIJ\SVXPLVJHQHUDWHG&KHQJHWDO

Electrodialysis. %\DSSO\LQJDQHOHFWULFDOSRWHQWLDO WRDQ LRQH[FKDQJHPHPEUDQH VXFFLQLF
DFLGFDQEHSXULILHGIURPDQDTXHRXVVROXWLRQ,QWKHILUVWVWHSRIHOHFWURGLDO\VLVWKHDFLGVDUH
VHSDUDWHG IURPXQFKDUJHGFRPSRXQGV OLNH VXJDUV DQGSURWHLQV6LQFH WKH DFLGV DUH FKDUJHG
WKH\SDVVWKURXJKWKHPHPEUDQHEXWDERXWRIWKHVXFFLQLFDFLGLVORVWGXULQJWKHSURFHVV
DQGWKHHTXLSPHQWLVH[SHQVLYH&KHQJHWDO
Liquid-liquid extraction. 7KLVPHWKRG LVEDVHGRQ WKHGLIIHUHQFH LQVROXELOLW\ IRU WKHDFLGV
EHWZHHQWZROLTXLGSKDVHV,WFDQEHXVHGERWKIRUSXULILFDWLRQDQGFRQFHQWUDWLRQ,WUHTXLUHV
ORZHQHUJ\LQSXWDQGJLYHVDKLJKUHFRYHU\\LHOG7KHPDLQGUDZEDFNLVWKDWLWUHTXLUHVODUJH
DPRXQWVRIH[WUDFWLRQDJHQW7KLVSUREOHPFDQEHVROYHGZLWK UHDFWLYHH[WUDFWLRQZKHUH WKH
FDUER[\OLFJURXSVLQVXFFLQLFDFLGDUHUHPRYHGWKHQWKHVXFFLQLFDFLGLVUHFRYHUHGE\OLTXLG
OLTXLGH[WUDFWLRQ$OLSKDWLFDPLQHVDUHJRRGIRUWKLVSXUSRVHDQGWKHHIILFLHQF\GHSHQGVRQ
IRUH[DPSOHWKHH[WUDFWDQWDQGWKHS+RIWKHDTXHRXVSKDVH&KHQJHWDO
Distillation. )RU H[DPSOH YDFXXP GLVWLOODWLRQ DW  & FDQ EH XVHG WR UHPRYH YRODWLOH
FDUER[\OLF DFLGV OLNH IRUPLF DFLG DQG DFHWLF DFLG 7KH VROXWLRQ ZLWK VXFFLQLF DFLG LV WKHQ
IXUWKHUSXULILHGZLWKFU\VWDOOL]DWLRQ&KHQJHWDO
Crystallization. $IWHU YDFXXP GLVWLOODWLRQ WKH WHPSHUDWXUH FDQ EH ORZHUHG WR  & DQG
VXFFLQLFDFLGFDQEHFU\VWDOOL]HG+RZHYHU WKH\LHOGDQGSXULW\ IRUA.succinogenes LVTXLWH
ORZIRUWKLVPHWKRGRQO\DERXWSXULW\LVREWDLQHG$OWHUQDWLYHO\GLUHFWFU\VWDOOL]DWLRQ
FDQ EH XVHG 7KH SULQFLSOH EHKLQG LV WKDW WKH FDUER[\OLF DFLGV YDU\ LQ GLVWULEXWLRQ RI
XQGLVVRFLDWHG DQG GLVVRFLDWHG IRUPV GHSHQGLQJ RQ WKH S+ 7KH XQGLVVRFLDWHG DFLGV KDYH D
GLIIHUHQWVROXELOLW\FRPSDUHGWRWKHGLVVRFLDWHG$WS+DQG&VXFFLQLFDFLGKDVRQO\
VROXELOLW\ ZKLOH WKH RWKHU DFLGV ODFWLF IRUPLF DFHWLF DUH FRPSOHWHO\ VROXEOH LQ ZDWHU
6XFFLQLFDFLGFDQWKHUHIRUHEHVHOHFWLYHO\FU\VWDOOL]HGZLWKDSXULW\RI6RPHSURGXFWLV
KRZHYHUORVWVLQFHVRPHVXFFLQLFDFLGVWLOOLVZDWHUVROXEOH&KHQJHWDO
In situ separation. 6XFFLQLF DFLG DW KLJK FRQFHQWUDWLRQV KDV EHHQ NQRZQ WR REVWUXFW WKH
FXOWLYDWLRQ SURFHVV E\ LQKLELWLQJ VXEVWUDWH FRQVXPSWLRQ IXUWKHU SURGXFWLRQ RI VXFFLQLF DFLG
DQGFHOO JURZWK%\ UHPRYLQJ VXFFLQLF DFLG FRQWLQXRXVO\ IURP WKHFXOWLYDWLRQEURWKE\ IRU
H[DPSOHH[WUDFWLRQWKHLQKLELWLRQRIJURZWKDQGSURGXFWLRQFRXOGEHSUHYHQWHG$GGLWLRQDOO\
WKHUHZRXOGEHPLQLPDOQHHGIRUDGGLQJRWKHUFKHPLFDOV$OWKRXJKWKHUHLVDULVNIRUDWR[LF
VROYHQW&KHQJHWDO
7KHSURVDQGFRQVRIWKHSXULILFDWLRQPHWKRGVDUHVXPPDUL]HGLQ7DEOH


Table 2.1. Summary of advantages and disadvantages for the presented purification methods. 
Method Advantages Disadvantages
Precipitation )HZWHFKQRORJLFDOULVNV
9LDEOHIRUFRPPHUFLDO
SXULILFDWLRQ
/DUJHGRVHVRI
FKHPLFDOV
+LJKRSHUDWLRQDOFRVWV

Electrodialysis 0LQLPDOXVHRIFKHPLFDOV
+LJKUHFRYHU\\LHOG
([SHQVLYHHTXLSPHQW
/RVVRISURGXFW

Extraction /RZHQHUJ\FRQVXPSWLRQ 1RHIILFLHQWH[WUDFWDQW
IRXQGVRIDU
+DUGWRVFDOHXS

Distillation (IIHFWLYHIRUUHPRYDORI
YRODWLOHFRPSRXQGV
5HTXLUHVIXUWKHU
SXULILFDWLRQVWHSV

Direct 
Crystallization
5HTXLUHVIHZVWHSV /RZSXULW\DQG\LHOG

1RWIRUFRPPHUFLDO
SXULILFDWLRQ

In situ
separation
(QHUJ\VDYLQJ
3UHYHQWLQJLQKLELWLRQRI
ELRPDVVJURZWK

&RPSOLFDWHGSURFHVV
1RWUHDG\IRU
FRPPHUFLDOXVH

2.2 Actinobacillus succinogenes 
Actinobacillus succinogenes LV D QDWXUDO SURGXFHU RI VXFFLQLF DFLG ,W LV JUDPQHJDWLYH
EDFWHULXPZKLFKLVSOHRPRUSKLFDQGFDQRFFXUDVHLWKHUURGRUFRFFRLG,WKDVEHHQLVRODWHG
IURP WKH ERYLQH UXPHQ DQG QR VLJQV RI WR[LFLW\ KDYH VR IDU EHHQ IRXQG 0F.LQOD\ HW DO
A. succinogenes FDQ XWLOL]H VHYHUDO GLIIHUHQW VXJDUV DQG LW FDQ DFFXPXODWH KLJK
FRQFHQWUDWLRQVRIVXFFLQDWH7KHEDFWHULDGRHVQRWIRUPVSRUHV*XHWWOHUHWDO



Figure 2.4. Metabolic map for A.succinogenes (McKinlay, Vieille, et al. 2007).
7KHPDLQE\SURGXFWVDUHIRUPDWHDQGDFHWDWH$WWKH3(3QRGHSKRVSKRHQROS\UXYDWHVSOLWV
LQWZRSDWKZD\VWKH&DQGWKH&SDWKZD\RIWKHWULFDUER[\OLFDFLGF\FOH7&$7KH7&$
RFFXUVLQDOOOLYLQJFHOOVDQGLWLVDVHULHVRIELRFKHPLFDOUHDFWLRQVZKLFKFRQYHUWDVL[FDUERQ
FRPSRXQGFLWULFDFLGLQWRDIRXUFDUERQFRPSRXQGR[DORDFHWDWHWRJHWKHUZLWKWZR&2DQG
UHGXFLQJ HTXLYDOHQWV LQ WKH IRUP RI 1$'+ )$'+ 7KHVH ODWWHU FRPSRXQGV DUH XQGHU
DHURELF FRQGLWLRQV R[LGL]HG JLYLQJ$73 LQ WKH SURFHVV 7KH& SDWKZD\ LV DOVR FDOOHG WKH
UHGXFWLYHEUDQFKRI WKH7&$F\FOH DQG LW VWDUWVZLWK WKDW WKH HQ]\PHSKRVSKRHQROS\UXYDWH
FDUER[\ODVHZKLFKFDUER[\ODWHVSKRVSKRHQROS\UXYDWHLQWRR[DORDFHWDWH2[DORDFHWDWHLVWKHQ
FRQYHUWHG WR VXFFLQLF DFLG YLD WKH UHGXFWLYH 7&$ $V FDQ EH VHHQ LQ )LJXUH  WKH &
SDWKZD\UHTXLUHV&2WRSURGXFHVXFFLQLFDFLG%HFDXVHRIWKLV&2GHPDQGQRVXFFLQLFDFLG
LV IRUPHGGXULQJ DHURELF FRQGLWLRQV )URP WKH& SDWKZD\ HWKDQRO ODFWLF DFLG IRUPLF DFLG
DQG DFHWLF DFLG FDQ EH SURGXFHG 0F.LQOD\ 6KDFKDU+LOO HW DO  A.succinogenes
UHTXLUHV WKUHH HVVHQWLDO DPLQR DFLGV JOXWDPDWH PHWKLRQLQH DQG F\VWHLQH ,W FDQ XWLOL]H
GLIIHUHQWQLWURJHQVRXUFHVIRUH[DPSOHDPPRQLXPFKORULGH0FNLQOD\HWDO3UHYLRXV
VWXGLHVKDYHVKRZQWKDWVXFFLQLFDFLG!JOIRUPLFDFLG!JODQGDFHWLFDFLG!
JOKDYHD WR[LFHIIHFWRQA.succinogenes DQG LQKLELWVJURZWK /LQHW DO ,QRUGHU WR
DGMXVWWKHVXFFLQLFDFLGSURGXFWLRQWRLQGXVWULDOVFDOHPHWDEROLFHQJLQHHULQJZLOOSUREDEO\EH
QHHGHGWRGLYHUWWKHIOX[DZD\IURPSRVVLEOHE\SURGXFWV0F.LQOD\9LHLOOHHWDO
7KH PD[LPXP WKHRUHWLFDO \LHOG RI VXFFLQLF DFLG LV  JJ ZKHQ D EDFWHULD LV JURZQ RQ
JOXFRVH %HDXSUH] HW DO  2QH SUHYLRXV VWXG\ RI D FKHPRVWDW FXOWLYDWLRQ PDGH RQ
JOXFRVHDQGDWDGLOXWLRQUDWHRIK UHVXOWHG LQDVXFFLQLFDFLG\LHOGRIJJDQGD
SURGXFWLYLW\RIJOÂK %ULQN	1LFRO)RUEDWFKFXOWLYDWLRQVRQJOXFRVHVXFFLQLF
DFLG \LHOGV EHWZHHQ  JJ KDYH EHHQ UHSRUWHG:KHQ JURZQ RQ JOXFRVH DQG \HDVW


H[WUDFW WKH\LHOGZDVJJZLWKD VXFFLQLF DFLGSURGXFWLYLW\RIJOÂK/RJLFDOO\ WKH
E\SURGXFW IRUPLQJ SDWKZD\V VKRXOG EH GHOHWHG LQ RUGHU WR HQKDQFH SURGXFWLRQ RI VXFFLQLF
DFLG 7KLV KDV EHHQ GRQH IRU IRUPLF DFLG DQG WKH UHVXOW ZDV WKDW WKH HQJLQHHUHG
A.succinogenesSURGXFHGPRUHS\UXYDWHLQVWHDGRIPRUHVXFFLQDWH%HDXSUH]HWDO
2.3 Basfia succiniciproducens 
Basfia succiniciproducensLVDFRFFRLGJUDPQHJDWLYHEDFWHULDWKDWKDVEHHQLVRODWHGIURPWKH
ERYLQH UXPHQ6R IDUQR LQYHVWLJDWLRQV LPSO\ WKDW WKHEDFWHULXPKDYHDQ\ WR[LFLW\ WRZDUGV
KXPDQ ILVK RU ERYLQH FHOOV /LNH A.succinogenes WKH EDFWHULXP EHORQJV WR WKH IDPLO\
3DVWHXUDOODFHDH8QGHUDQDHURELFFRQGLWLRQVLWQDWXUDOO\SURGXFHVVXFFLQLFDFLG.XKQHUWHWDO
 7KH PHWDEROLVP RI B.succiniciproducens LV HTXDO WR WKH RQH IRU A.succinogenes
)LJXUH%HFNHUHWDO3UHYLRXVVWXGLHVKDYHVKRZQWKDWIRUPDWHDQGDFHWDWHDUHWKH
PDLQ E\SURGXFWV %HFNHU HW DO  :KHQ SHUIRUPLQJ FRQWLQXRXV FXOWLYDWLRQ IRU
IHUPHQWLQJ VXFFLQLF DFLG LW KDV EHHQ VKRZQ WKDW WKH SURFHVV LV VWDEOH DQG VLQFH
B.succiniciproducens FDQ IHUPHQW IRU H[DPSOH JO\FHURO LW LV SRVVLEOH IRU WKH SURGXFWLRQ
SURFHVVWREHFRVWFRPSHWLWLYH6FKROWHQ5HQ]	7KRPDV
)RUB.succiniciproducensLQEDWFKFXOWLYDWLRQVJURZQRQJOXFRVHDVXFFLQLFDFLG\LHOGRI
JJ ZDV UHSRUWHG ,Q RUGHU WR LPSURYH WKH VXFFLQLF DFLG \LHOG ODFWDWH GHK\GURJHQDVH DQG
S\UXYDWHIRUPDWH O\DVHZDVGHOHWHG7KLV UHVXOWHG LQD WLPHVKLJKHUVXFFLQLFDFLG\LHOG
%HFNHUHWDO
2.4 Other organisms 
2WKHUPLFURRUJDQLVPVZKLFK GR QRW SURGXFH VXFFLQLF DFLG QDWXUDOO\ FDQ EH HQJLQHHUHG LQ
RUGHUWRLQFUHDVHWKH\LHOG2UJDQLVPVOLNHEscherichia coliDQGSaccharomyces cerevisiaeDUH
FRPPRQWRXVHVLQFHWKHLUPHWDEROLFSDWKZD\VDUHZHOONQRZQ
2QHZD\WRLQFUHDVHWKH\LHOGRIVXFFLQLFDFLGLQE.coliLVWRGHOHWHVXFFLQDWHGHK\GURJHQDVH
WKHHQ]\PHZKLFKFRQYHUWVVXFFLQDWH LQWRIXPDUDWH LQ WKHR[LGDWLYH7&$)LJXUH7KLV
GLVUXSWV WKHR[LGDWLYH7&$F\FOHDQGDOORZVVXFFLQLFDFLGWREHDQHQGSURGXFW7KLVKDGD
VXFFLQLFDFLG\LHOGRIPROPROEXWD ORWRIDOIDNHWRJOXWDUDWHZDVDFFXPXODWHG ,WZDV
WKHUHIRUH H[DPLQHG ZKDW ZRXOG KDSSHQ LI WKH DOIDNHWRJOXWDUDWH GHK\GURJHQDVH FRPSOH[
VXF$%ZDVRYHUH[SUHVVHGLQRUGHUWRJHWPRUHRILWFRQYHUWHGLQWRVXFFLQLFDFLG7KHQDWLYH
SURPRWHURIDOIDNHWRJOXWDUDWHGHK\GURJHQDVHVXF$%ZDVUHSODFHGZLWKDVWURQJSURPRWHU
7KLVUHVXOWHGLQDKLJKHUVXFFLQDWH\LHOG JJFRPSDUHGWRZHUHRQO\VXF&'ZDV
GHOHWHG DQG   KLJKHU FRPSDUHG WR WKH FRQWURO VWUDLQ 7KH OHYHO RI DOIDNHWRJOXWDUDWH
GHFUHDVHG WR  P0 FRPSDUHG WR  P0 IRU WKH VWUDLQ ZKHUH DOIDNHWRJOXWDUDWH
GHK\GURJHQDVHZDVQRWRYHUH[SUHVVHGGHFUHDVH/LHWDO

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Figure 2.5. The tricarboxylic acid cycle.  
$QRWKHU SRVVLELOLW\ IRU SURGXFWLRQ RI VXFFLQLF DFLG LV WR XVHLactobacillus plantarum 7KLV
VWUDLQKDVDQLQFRPSOHWH7&$F\FOHDQGSURGXFHVVXFFLQLFDFLGLQVPDOODPRXQWV,QRUGHUWR
LPSURYH WKH \LHOG RI VXFFLQLF DFLG S\UXYDWH FDUER[\ODVH 3& SKRVSKRHQROS\UXYDWH
FDUER[\ODVH 3(3&. DQGPDOLF HQ]\PH 0( ZDV RYHUH[SUHVVHG LQ RUGHU WR LQFUHDVH WKH
PHWDEROLFIOX[IURPWKHJO\FRO\VLV7KHHQ]\PHVZHUHRYHUH[SUHVVHGLQRQHVWUDLQHDFKDQG
DOO VWUDLQV VKRZHGDQ LQFUHDVHGDFWLYLW\RI WKHHQ]\PH VXJJHVWLQJ WKDW WKHVH WKUHH HQ]\PHV
DUH DFWLYH DQG WKDW WKH\ FRXOG LQFUHDVH WKHPHWDEROLF IOX[ IURP WKH JO\FRO\VLV WR WKH 7&$
F\FOH $OO VWUDLQV JDYH D KLJKHU \LHOG RI VXFFLQLF DFLG FRPSDUHG WR WKH FRQWURO VWUDLQ 7KH
VWUDLQZLWK3&JDYHWKHKLJKHVW\LHOGLWFRQYHUWHGRIJOXFRVHWRVXFFLQLFDFLG7KHUH
ZHUH QR VLJQV RI VXFFLQLF DFLG EHLQJ DFFXPXODWHG LQWUDFHOOXODU2QH ILQDO DSSURDFKZDV WR
RYHUH[SUHVV WZR HQ]\PHV DW WKH VDPH WLPH 7KH FRPELQDWLRQ 3&3(3&. JDYH D VOLJKWO\
KLJKHUFRQYHUVLRQRIJOXFRVHWRVXFFLQLFDFLG7KHUHDVRQEHKLQGWKLVLVWKDW3&JLYHV
DKLJKHU VXFFLQDWH \LHOGZKLOH3(3&.HQKDQFHVELRPDVV IRUPDWLRQDQG WKHFRPELQDWLRQRI
ERWKJDYHDVXFFHVVIXOUHVXOWD\LHOGRIJJ7VXMLHWDO


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3 Material and methods 
7KH PDWHULDO DQG PHWKRGV VHFWLRQ ZLOO GHVFULEH WKH SURFHGXUH RI WKH FXOWLYDWLRQV DQG
DQDO\]HV5HFLSHVIRUDOOVWRFNVROXWLRQVFDQEHIRXQGLQ$SSHQGL[$
%HIRUHVWDUWLQJWKHSUHFXOWXUHRUFXOWLYDWLRQDOOHTXLSPHQWWREHLQFRQWDFWZLWKWKHEDFWHULD
ZDVDXWRFODYHGA.succinogenes&&8*RUGHUHGIURP&&8*LQ*RWKHQEXUJ6ZHGHQ
DQG B.succiniciproducens '60 RUGHUHG IURP '60= LQ %UDXQVFKZHLJ *HUPDQ\
ZHUHXVHG
Pre-culture.7KHSUHFXOWXUHVZHUHFXOWLYDWHGLQPOVKDNHIODVNZLWKPO76%PHGLXP
IRUWKHVKDNHIODVNFXOWLYDWLRQVDQGLQPOVKDNHIODVNVZLWKPO76%PHGLXPIRUWKH
EDWFK FXOWLYDWLRQV 7KH SUH FXOWXUHVZHUH SXW LQ D  &ZDWHU EDWK *)/+DQRYHU
*HUPDQ\IRUWHQWRWZHOYHKRXUVEHIRUHWKHLQRFXODWLRQ%HIRUHLQRFXODWLRQWKH2'YDOXHZDV
PHDVXUHGWRFRQILUPLWZDVDURXQG
Sampling.6DPSOHVIRU2'DQG+3/&ZHUHWDNHQFRQWLQXRXVO\WKURXJKRXWWKHFXOWLYDWLRQ$
³GHDGYROXPH´RIPOZDVWDNHQRXWEHIRUHHDFKVDPSOLQJLQRUGHUWRUHPRYHUHVLGXHVIURP
SUHYLRXVVDPSOLQJ
7KH H[SHULPHQWDO SODQ IRU WKH H[SHULPHQWV LV VXPPDUL]HG LQ$SSHQGL['$OO FXOWLYDWLRQV
FRQWDLQHGJOXFRVHRU[\ORVHDVFDUERQVRXUFH\HDVWH[WUDFWGHLRQL]HGZDWHUSUHFXOWXUHDQG
PLQHUDOPHGLXP7KHYROXPHRISUHFXOWXUHDQGPLQHUDOPHGLXP$SSHQGL[$ZDVHDFK
RIWKHFXOWLYDWLRQYROXPH
Shake Flask cultivation. 7KH FXOWLYDWLRQ ZDV SHUIRUPHG LQ PO VKDNH IODVNV DW  &
*\URPD[70$PHUH[,QVWUXPHQWV,QF/DID\HWWH86$7KHFXOWLYDWLRQYROXPHZDV
PO$GGLWLRQDOO\WRZKDWLVPHQWLRQHGDERYHWKHVKDNHIODVNDOVRFRQWDLQHGODQWLIRDP
DQGPDJQHVLXPFDUERQDWHDVEXIIHU&DUERQGLR[LGHZDVVXSSOLHGWRWKHVKDNHIODVNVDVH[WUD
FDUERQVRXUFHDQGLQRUGHUWRPDLQWDLQWKHS+6KDNHIODVNFXOWLYDWLRQVZHUHSHUIRUPHGZLWK
ERWKB.succiniciproducensDQGA.succinogenesDQGWKHH[SHULPHQWVFDQEHIRXQGLQ$SSHQGL[
'
Batch cultivation. 7KHEDWFKFXOWLYDWLRQVZHUHSHUIRUPHGZLWKERWKEDFWHULDDQGLQWZR/
ELRUHDFWRUV 6$5$ %HODFK 6WRFNKROP 6ZHGHQ 7KH H[SHULPHQWV DUH VXPPDUL]HG LQ
$SSHQGL['7KH\ZHUHSHUIRUPHGLQGXSOLFDWHDW WKHVDPHWLPH7KHZRUNLQJYROXPHZDV
PODQGPORIDQWLIRDPZDVDGGHG WKURXJKRXW WKHFXOWLYDWLRQ7KHVDPHPHGLXPZDV
XVHGDVIRUWKHVKDNHIODVNFXOWLYDWLRQV7KHUHDFWRUVZHUHFRQQHFWHGWRDFRPSXWHUZKHUHWKH
VSDUJLQJ UDWH RI FDUERQ GLR[LGH FRXOG EH FRQWUROOHG 7KH UHDFWRUV ZHUH VHW WR KDYH D
WHPSHUDWXUHRI&VWLUULQJDWUSPDQGDS+DWS+ZDVFRQWUROOHGZLWK01D2+
VROXWLRQ7KHDPRXQWRIDGGHG1D2+ZDVPRQLWRUHGZLWKWKHKHOSRIDVFDOHWRJHWKHUZLWK
WKHYROXPHRIZDVWHDQGVDPSOHWKDWZHUHWDNHQRXWRIWKHUHDFWRUV7KLVZDVGRQHWRFRUUHODWH
WKH DFFXUDWH YROXPH WR HDFK VDPSOH ZKHQ FDOFXODWLQJ WKH \LHOGV  7KH VHWXS RI WKH EDWFK
H[SHULPHQWLVVKRZQLQ)LJXUH


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Figure 3.1. Set up of the batch bioreactor. 
Chemostat cultivation.&KHPRVWDW H[SHULPHQWVZHUHPDGHZLWKA.succinogenes7KHVHWXS
)LJXUHLVHTXDOWRWKHRQHIRUWKHEDWFKFXOWLYDWLRQEXWZLWK/RIIHHGLQ/ERWWOHV
RQHIRUHDFKUHDFWRU7KHIHHGFRQWDLQHGJO[\ORVHPLQHUDOPHGLXP$SSHQGL[$
 JO \HDVW H[WUDFW  O GHLRQL]HG ZDWHU DQG   DQWLIRDP 7KHUH ZDV DOVR DQ RXWOHW
FRQQHFWHGWRWKHUHDFWRUZLWKDSXPSUXQQLQJFRQWLQXRXVO\7KHRXWOHWWXEHZDVSRVLWLRQHGDW
WKHOLTXLGVXUIDFH7KDWZD\WKHUHDFWRUYROXPHZDVFRQVWDQWDWP/7KUHHGLOXWLRQUDWHV
ZHUHWHVWHGDQGK6DPSOHVZHUHWDNHQDIWHUWKHYROXPHLQWKHUHDFWRUKDG
EHHQH[FKDQJHGWKUHHWLPHV

Figure 3.2. Set up of the chemostat. 


Microscopy. 7KH SUHFXOWXUHV ZHUH FKHFNHG IRU FRQWDPLQDWLRQ ZLWK D PLFURVFRSH &+
2O\PSXV7RN\R-DSDQ,QWKHHQGRIWKHEDWFKDQGVKDNHIODVNFXOWLYDWLRQVDFRQWDPLQDWLRQ
FKHFN ZDV SHUIRUPHG DJDLQ 7KURXJKRXW WKH FKHPRVWDW FXOWLYDWLRQ PLFURVFRS\ FKHFN ZDV
PDGHIRUHDFKGLOXWLRQUDWH3LFWXUHVWDNHQZLWKPLFURVFRS\2SWLSKRW1LNRQ7RN\R-DSDQ
XVHGWKHFDPHUD9LVL&DP9:5/HXYHQ%HOJLXP
Optical density (OD). P/RIHDFKFXOWXUHZDVVDPSOHGLQWR(SSHQGRUIWXEHV7KHVDPSOHV
ZHUHGLOXWHGWRDFKLHYHDQ2'EHWZHHQGHSHQGLQJRQKRZIDUWKHJURZWKKDGFRPH
7KHVDPSOHVZHUHPHDVXUHG LQD VSHFWURSKRWRPHWHU 99:55DGQRU3HQQV\OYDQLD
ZLWKDZDYHOHQJWKVHWDWQP)RUWKHVKDNHIODVNH[SHULPHQWVWKHVDPSOHVZHUHGLOXWHGLQ
+&OLQRUGHUWRUHPRYHPDJQHVLXPFDUERQDWH:DWHUZDVXVHGDVDEODQN
HPLC analysis. $IWHU WKH 2' PHDVXUHPHQWV WKH VDPSOHV ZHUH FHQWULIXJHG 0LQL
6FDQVSHHG5DQGEXUJ6RXWK$IULFDIRUILYHPLQXWHVDWUSP7KHVXSHUQDWDQWVZHUHWKHQ
SRXUHG LQWR D V\ULQJH DQG ILOWHUHG LQWR QHZ (SSHQGRUI WXEHV WKURXJK D  PPHPEUDQH
ILOWHU7KHVDPSOHVZHUHVWRUHGLQWKHIUHH]HUXQWLO WKHWLPHRIWKH+3/& :DWHUV0LOOIRUG
0$86$DQDO\VLV6WDQGDUGVZHUHSUHSDUHGIRUWKH+3/&DQDO\VLVDFFRUGLQJWR7DEOHLQ
$SSHQGL[%7KHVDPSOHVZHUHDQDO\]HGIRUVXJDUVDQGRUJDQLFDFLGV7KHFROXPQXVHGZDV
+3;+DW&7KHPRELOHSKDVHFRQVLVWHGRIP0VXOIXULFDFLGDQGZDVVHWDWDIORZ
UDWHRIPOPLQ7KHVDPSOHVZHUHDQDO\]HGE\ERWKD5,GHWHFWRUDQGDQ89GHWHFWRU
Dry Weight determination. P/RI WKH FXOWXUHZDV VDPSOHG LQWR ILYH(SSHQGRUI WXEHV
WZRP/LQHDFK7KH(SSHQGRUI WXEHVZHUHFHQWULIXJHGIRUILYHPLQXWHVDWUSP7KHQ
WKHVXSHUQDWDQWVZHUHUHPRYHGDQGP/RI',ZDWHUZHUHDGGHGWRHDFKWXEHZKLFKZHUH
WKHQYRUWH[HGXQWLOWKHFHOOSHOOHWZHUHFRPSOHWHO\GLVVROYHG7KHSURFHVVZDVWKHQUHSHDWHG
RQFHDJDLQ7KHVDPSOHVZHUHWKHQWUDQVIHUUHGWRJODVVVDPSOHWXEHVZKLFKKDGEHHQGULHGLQ
WKHRYHQDW&IRUDIHZKRXUVFRROHGGRZQLQDGHVLFFDWRUDQGWKHQZHLJKHG2QFHWKH
VDPSOHKDGEHHQ WUDQVIHUUHG WR WKH VDPSOH WXEH WKH\ZHUHSXW LQ WKHRYHQ WRGU\ IRU
KRXUVDQGWKHQFRROHGLQWKHGHVLFFDWRUIRUDQKRXUWKHQZHLJKHGDJDLQ7KHGLIIHUHQFHZDV
WKHGU\ZHLJKW7KHGU\ZHLJKWZDVFRQYHUWHG WRFRQFHQWUDWLRQDQGSORWWHGDJDLQVW WKH2'
YDOXHIRUHDFKSRLQWDQGDVWUDLJKWOLQHZDVILWWHGEHWZHHQWKHGDWDSRLQWV7KHHTXDWLRQWKDW
ZDVJHQHUDWHGZDVXVHGWRFRQYHUW2'YDOXHVWRJ/7KHRSWLFDOGHQVLW\YDOXHVXVHGLQWKH
SORWZDVPHDVXUHGDWGLIIHUHQWGLOXWLRQVEXWIRUWKHVDPHVDPSOH7KHH[SHULPHQWZDVGRQH
ERWK IRU B. Succiniciproducens DQG A. succinogenes )RU A.succinogenes WKH HTXDWLRQ LV
& ā2'DQG5 )RUB.succiniciproducensWKHHTXDWLRQLV& ā2'
DQG5 7KHSORWVFDQEHIRXQGLQ$SSHQGL[(
Free amino acid analysis.$FRORUUHDJHQWDQGDGLOXWLRQUHDJHQWZHUHSUHSDUHGDFFRUGLQJWR
$SSHQGL[ & ,Q WKH FRORU UHDJHQW LW LV QLQK\GULQ WKDW FRORUV WKH VDPSOH E\ UHDFWLQJ ZLWK
SULPDU\ DQG VHFRQGDU\ DPLQHV EXW DOVR ZLWK DPPRQLD $ FDOLEUDWLRQ FXUYH ZLWK JO\FLQH
UDQJLQJIURPPJOZDVSUHSDUHG:KHQSUHSDULQJWKHVDPSOHVWKHILUVWVWHSZDVWRGLOXWH
WKHPVRWKH\ILWLQWRWKHFDOLEUDWLRQFXUYH7KHQPORIFRORUUHDJHQWZDVDGGHGWRPORI
WKH GLOXWHG VDPSOH $IWHU YRUWH[LQJ WKH VDPSOH ZDV SXW LQ D ZDWHU EDWK DW  & IRU 
PLQXWHVDQGWKHQFRROHGLQZDWHUZLWKLFHIRUPLQXWHV,QWKHQH[WVWHSPORIGLOXWLRQ


UHDJHQWZDVDGGHGDQG WKHVDPSOHZDVYRUWH[HGDJDLQ7KHVDPSOHZDV WKHQPHDVXUHG LQD
SKRWRPHWHUDWQPZLWKZDWHUDVDEODQN/LH
Flow cytometry. 7KH VDPSOHV ZHUH GLOXWHG ZLWK SKRVSKDWH EXIIHU WR KDYH DQ 2' YDOXH
DURXQGRQH DQG D YROXPHRI PO7KH G\H VROXWLRQV WKLD]ROH RUDQJH 72 DQG SURSLGLXP
LRGLGH 3, ZHUH XVHG 72 FRORUV DOO FHOOV ZKLOH 3, RQO\ FRORUV GHDG RU LQMXUHG FHOOV ZLWK
ZRXQGHGPHPEUDQHVORIHDFKVROXWLRQZHUHDGGHGWRHDFKVDPSOHDQGWKHVDPSOHVZHUH
WKHUHDIWHU YRUWH[HG DQG LQFXEDWHG LQ URRP WHPSHUDWXUH IRU WHQPLQXWHV 7KH VDPSOHV ZHUH
WKHQSXW LQ WKH IORZ F\WRPHWHU $FFXUL&%HFWRQ'LFNLQVRQ)UDQNOLQ/DNHV1-86$ DQG
WKHFHOOVZHUHTXDQWLILHG



4 Results
,QRUGHUWRIXOILOOWKHJRDOZLWKWKLVZRUNVKDNHIODVNEDWFKDQGFKHPRVWDWFXOWLYDWLRQVZHUH
FRQGXFWHG7KHH[SHULPHQWVZHUHSHUIRUPHGZLWK WKH LQWHQWLRQRI LQYHVWLJDWH WKH LPSDFWRI
\HDVWH[WUDFWDQGVXJDUFRQFHQWUDWLRQRQWKHILQDOFRQFHQWUDWLRQRIELRPDVVDQGSURGXFWV$OO
H[SHULPHQWVZHUHSHUIRUPHGLQGXSOLFDWHVDVPHQWLRQHGHDUOLHU
4.1 Questions at issue 
3UHYLRXV ZRUN KDV VKRZQ WKDW A.succinogenes LV SURQH WR LPPRELOL]DWLRQ DW FHUWDLQ
FRQGLWLRQV EXW WKH H[DFW FRQGLWLRQV KDYH QRW EHHQ FRQILUPHG 7KH LPPRELOL]DWLRQ FDXVHV
SUREOHPVLQWKHLQGXVWULDOVFDOHEHFDXVHLWZLOOFDXVHELRIRXOLQJLQWKHUHDFWRUVZKLFKWKHUHE\
ZLOO EH KDUGHU WR FOHDQ $OVR LI WKHUH LV PRUH WKDQ RQH OD\HU RI ELRILOP LW LV RQO\ WKH
RXWHUPRVWOD\HUZKRFDQFRQVXPHWKHFDUERQVRXUFHDQGSURGXFHVXFFLQLFDFLG,QWKDWFDVH
VRPHFDUERQVRXUFHZRXOGKDYHEHHQZDVWHGRQELRPDVVSURGXFWLRQ$WKLUGUHDVRQLVWKDWLQ
D FKHPRVWDW \LHOG DQG SURGXFWLYLW\ DUH FRQVWDQW :LWK ELRILOP IRUPDWLRQ EHLQJ D QRQ
FRQWUROOHGSURFHVVWKHVHFRQGLWLRQVFKDQJHVDQGWKHH[DFWEHKDYLRUFDQQRWEHVWXGLHG
:LWK WKLVZRUNZHZDQW WR ILQGRXWZK\ WKHEDFWHULD IRUPVELRILOP DV LQ)LJXUH 7KH
IROORZLQJTXHVWLRQVZLOOEHLQYHVWLJDWHGWKURXJKDVHULHVRIH[SHULPHQWV$SSHQGL[&
x ,IWKHW\SHRIFDUERQVRXUFHJOXFRVH[\ORVHLQIOXHQFHWKH\LHOGRIVXFFLQLFDFLG
x 7KHLPSDFWRI\HDVWH[WUDFWFRQFHQWUDWLRQ
x ,IODFNRIQLWURJHQVRXUFHFDXVHVELRILOPIRUPDWLRQ
x ,IWKHUHDUHDVKRUWDJHRIIUHHDPLQRDFLGVZKLFKFDXVHWKHFOXVWHULQJ
x ,VWKHUHDFKDQJHLQSK\VLRORJ\
x ,IWKHEDFWHULDLVGHDGRUDOLYHLQWKHELRILOP

Figure 4.1. A. succinogenes forming biofilm, after 72 hours of batch cultivation. 
6ROYLQJWKHLPPRELOL]DWLRQLVDOVRNH\WREHLQJDEOHWRPDNHSURSHUFKHPRVWDWH[SHULPHQWV


4.2 Shake flask  
7KH ILUVW H[SHULPHQWVZHUH VKDNH IODVN FXOWLYDWLRQV DW D \HDVW H[WUDFW FRQFHQWUDWLRQRIJO
DQG D [\ORVH FRQFHQWUDWLRQ RI  JO )LJXUH  VKRZV WKH FXOWLYDWLRQV RIA.succinogenes 
OHIWDQGB.succiniciproducens ULJKW7KHILJXUHVGLVSOD\DW\SLFDOFXOWLYDWLRQEHKDYLRU
Figure 4.2. Shake flask cultivation of A.succinogenes (left) and B.succiniciproducens (right) 
on 20 g/l xylose and 5 g/l yeast extract                 
7KHLPSDFWRQVXFFLQDWH\LHOGDQGELRILOPIRUPDWLRQGHSHQGLQJRIWKHFRQFHQWUDWLRQRI\HDVW
H[WUDFW DQG FDUERQ VRXUFH ZDV LQYHVWLJDWHG ZLWK WZR DSSURDFKHV ,Q WKH ILUVW DSSURDFK
A.succinogenes ZDVFXOWLYDWHGLQJO\HDVWH[WUDFWDQGZLWKDQGJORI[\ORVH7KH
\HDVW H[WUDFW QRW RQO\ FRQWDLQV QLWURJHQ DQG DPLQR DFLGV EXW FDQ DOVR VHUYH DV D FDUERQ
VRXUFH7KLVH[SHULPHQWZDVDOVRGRQHLQRUGHUWRVWXG\KRZZHOOWKHEDFWHULDJUHZRQ\HDVW
H[WUDFWDORQHJO[\ORVH7KHUHVXOWLVVKRZQLQ)LJXUH$VFDQEHVHHQWKHEDFWHULDFDQ
JURZDQGSURGXFHVPDOODPRXQWVRIDFLGZLWKRXWDGGLWLRQRI[\ORVH



Figure 4.3. Compilation of the result from the cultivation of A.succinogenes with 12.5 g/l 
yeast extract and 0, 5 and 10 g/l xylose. 
7KHVHFRQGDSSURDFKZDVWRNHHSWKHVXJDUFRQFHQWUDWLRQVFRQVWDQWZKLOHYDU\LQJWKH\HDVW
H[WUDFW FRQFHQWUDWLRQ7KUHH GLIIHUHQW \HDVW H[WUDFW FRQFHQWUDWLRQVZHUH LQYHVWLJDWHG 
DQGJOWRJHWKHUZLWKJO[\ORVH$FXOWLYDWLRQZLWKJO\HDVWH[WUDFWDQG
JO JOXFRVHZDV DOVRPDGH )LJXUH  VKRZV WKH UHVXOW IRUA. succinogenes DQG)LJXUH 
VKRZVWKHUHVXOWIRUB.succinicproducens%\ORRNLQJDWWKHILJXUHVLWFDQEHREVHUYHGWKDWWKH
\LHOGRIVXFFLQLFDFLGIRUA.succinogenesLQFUHDVHGZLWKLQFUHDVLQJ\HDVWH[WUDFWFRQFHQWUDWLRQ
DQGWKDWJOXFRVHJDYHDEHWWHUVXFFLQDWH\LHOG7KHRSSRVLWHZDVREVHUYHGIRUWKHFXOWLYDWLRQ
ZLWK B.succiniciproducens ZKHUH JOXFRVH JDYH WKH ORZHVW \LHOG RI VXFFLQLF DFLG DQG ZLWK
VLPLODUVXFFLQDWH\LHOGIRUWKHGLIIHUHQW\HDVWH[WUDFWFRQFHQWUDWLRQV




Figure 4.4. Result for varying the yeast extract concentration for A.succinogenes at a 
constant concentration of carbon source. 

Figure 4.5. Result for varying the yeast extract concentration for B.succiniciproducens at a 
constant concentration of carbon source. 


6LQFH WKH EDFWHULD HVSHFLDOO\ A.succinogenes IRUPV ELRILOP WKH PHDVXUHG 2' GHFUHDVHV
DIWHU LWKDV UHDFKHG LWVPD[LPXPYDOXHEHFDXVH WKHFHOOVVWLFNWR WKHZDOODV LQ)LJXUH
6LQFH WKLVZRXOGDIIHFW WKH\LHOG WKHPD[LPXP2'LVFRQVLGHUHG WREHFRQVWDQW WKURXJKRXW
WKHFXOWLYDWLRQDQGWKDWLVWKH2'WKH<V[LVEDVHGRQ
2QHWKHRU\ZDVWKDWDGHSOHWLRQRIWKHQLWURJHQVRXUFHOHGWRDVWRSSHGJURZWKDQGFDXVHGWKH
EDFWHULDWRIRUPELRILOP7KLVWKHRU\ZDVLQYHVWLJDWHGE\DGGLQJGLIIHUHQWFRQFHQWUDWLRQV
DQGJ/RIDPPRQLXPFKORULGHDFWLQJDVDQLWURJHQVRXUFHWRVKDNHIODVNVZLWKJO
[\ORVH DQG JO \HDVW H[WUDFW )LJXUH VKRZV WKH UHVXOW RIELRILOP IRUPDWLRQ DIWHU 
KRXUVRIFXOWLYDWLRQ

Figure 4.6.  Shakeflask cultivation with addition of ammonium chloride. 
(YHQ WKRXJK D GLIIHUHQFH LQ ELRILOP IRUPDWLRQ FDQ EH VHHQ EHWZHHQ WKH VKDNHIODVNV QR
VLJQLILFDQWGLIIHUHQFHZDVIRXQGLQ[\ORVHFRQVXPSWLRQELRPDVVIRUPDWLRQRUSURGXFWLRQRI
VXFFLQLFDFLG
4.3 Batch mode cultivation in bioreactors  
%DVHG RQ WKH UHVXOWV IURP WKH VKDNHIODVN FXOWLYDWLRQV IRXU FRQGLWLRQV IRU WKH EDWFK
FXOWLYDWLRQVLQELRUHDFWRUVZHUHFKRVHQ
x ,QWKHILUVWH[SHULPHQWA. succinogenes ZDVFXOWLYDWHGLQD\HDVWH[WUDFWFRQFHQWUDWLRQ
RIJODQGJORI[\ORVH
x 7KH VHFRQGEDWFKH[SHULPHQWZDVSHUIRUPHGZLWKA. succinogenes LQJO \HDVW
H[WUDFWDQGJORI[\ORVH
x 7KH WKLUGEDWFKFXOWLYDWLRQZDVB.succiniciproducensZLWKJO \HDVW H[WUDFWDQG
JO[\ORVH
x 7KH IRXUWK EDWFKZDV SHUIRUPHGZLWKB.succiniciproducens LQ  JO \HDVW H[WUDFW
DQGJORI[\ORVH


$VPHQWLRQHGWKHELRPDVV\LHOGDUHEDVHGRQWKHKLJKHVWPHDVXUHGFRQFHQWUDWLRQ7KLVPLJKW
UHVXOW LQ DQ XQGHUHVWLPDWLRQ RI WKH ELRPDVV FRQFHQWUDWLRQ ZKLFK FRXOG KDYH DIIHFWHG WKH
FDUERQEDODQFHV7KHFRQGLWLRQVDQGUHVXOWIRUWKHEDWFKH[SHULPHQWVDUHVXPPDUL]HGLQ7DEOH
$OOFXOWLYDWLRQVVWDUWHGZLWKJO[\ORVH
Table 4.1. The conditions and result from the batch experiments with 50 g/l xylose. 
Batch 1 Batch 2* Batch 3 Batch 4
Organism A.succinogenes A.succinogenes B.succinici-
producens
B.succinici-
producens
YE(g/l)









Yss
(g/g)
   
Ysf
(g/g)
   
Ysa
(g/g)
   
Ysl
(g/g)
   
Ysx
(g/g)
   
qs
(g/l·h)
   
qsuc
(g/l·h)
   
Xyloseend 
(g/l)
   
C-balance 
(%)
   
The carbon balances are calculated based on c-moles and the general biomass formula CH1.2O0.5N0.2 was used 
for the biomass. The carbon source contribution from carbon dioxide is not included. 
* This experiment was not performed in duplicate 
4.4 Chemostat 
7KHFRQGLWLRQVZHUHFKRVHQEDVHGRQWKHUHVXOWVIURPWKHVKDNHIODVNDQGEDWFKH[SHULPHQWVWR
DFKLHYH DFKHPRVWDWZLWKRXWELRILOP IRUPDWLRQ7KHFKHPRVWDWH[SHULPHQWZHUHFDUULHGRXW
ZLWKA.succinogenesDWJORI[\ORVHDQGJORI\HDVWH[WUDFW7KHPD[LPXPJURZWKUDWH
PD[ IRUA.succinogenes ZDVFDOFXODWHG WRKEDVHGRQ WKHEDWFKFXOWLYDWLRQV7KUHH
GLOXWLRQ UDWHVZHUH WKHUHIRUHXVHGDQGK7KH UHVXOW LV VKRZQ LQ7DEOH
$JDLQWKHFDUERQGLR[LGHLVQRWWDNHQLQWRDFFRXQW


Table 4.2. Results from the chemostat cultivation. 
Dilution rate 
(h-1)
0.05 0.10 0.15
Yss
(g/g)
  
Ysf
(g/g)
  
Ysa
(g/g)
  
Ysl
(g/g)
  
Ysx
(g/g)
  
qs
(g/l·h)
  
qsuc
(g/l·h)
  
Xyloseend (g/l)   
C-balance
(%)
  

,Q)LJXUH WKHFKHPRVWDWKDVEHHQUXQQLQJIRUKRXUVDQG WKHUH LVDOPRVWQRELRILOP
IRUPDWLRQFRPSDUHGWR)LJXUH

Figure 4.7. Chemostat after 245 hours cultivation. 
:KHQLQFUHDVLQJWKHGLOXWLRQUDWHWKHSURGXFWLYLW\LQFUHDVHV:KHQWKHGLOXWLRQUDWHH[FHHGV
WKHPD[LPXPJURZWKUDWHWKHUDWHRIIRUPDWLRQRIELRPDVVZLOOEHOHVVWKDQWKHUHPRYDOUDWH
DQG WKHELRPDVVFRQFHQWUDWLRQZLOOJUDGXDOO\GHFUHDVH7KLVSKHQRPHQRQ LVFDOOHGZDVKRXW
,Q)LJXUHDVPDOOZDVKRXWH[SHULPHQWLVVKRZQ,WFDQEHVHHQWKDWWKHFRQFHQWUDWLRQRI
[\ORVH LQFUHDVHV ZKLOH WKH ELRPDVV FRQFHQWUDWLRQ GHFUHDVHV 7KH WLPH ]HUR LQ WKH ILJXUH
V\PEROL]HVWKHWLPHZKHQWKHGLOXWLRQUDWHZDVLQFUHDVHGIURPWRK



Figure 4.8. An attempt of wash out.  
6.5 Free amino acid analysis  
2QHWKHRU\WKDWZDVLQYHVWLJDWHGDVWKHUHDVRQIRUELRILOPIRUPDWLRQZDVWKDWWKHDPRXQWRI
IUHHDPLQRDFLGVGHFUHDVHVGXULQJDFXOWLYDWLRQ)UHHDPLQRDFLGVDQDO\VLVZDVSHUIRUPHGDV
GHVFULEHG LQ WKHPDWHULDO DQGPHWKRG 7KH FDOLEUDWLRQ FXUYHZLWK JO\FLQH FDQ EH IRXQG LQ
$SSHQGL[&6DPSOHVIURPWKHEHJLQQLQJPLGGOHDQGHQGRIDFXOWLYDWLRQZHUHDQDO\]HGIRU
%DWFK DQG7KH UHVXOW RI WKLV DQDO\VLV LV VKRZQ LQ)LJXUH ZKHUH LW LV FOHDU WKDW WKH
DPRXQWRIIUHHDPLQRDFLGVGHFUHDVHGXULQJWKHFXOWLYDWLRQ

Figure 4.9. Concentration of biomass and free amino acids for batch cultivations of 
A.succinogenes. As seen, there are big standard deviations for batch 1. The most likely reason 
for these are uncontrolled biofilm formation. 
)RXUVDPSOHVZHUHDQDO\]HGIRUWKHFKHPRVWDWRQHIURPWKHVWDUWRIWKHEDWFKFXOWLYDWLRQDQG
RQH IRU HDFK GLOXWLRQ UDWH 7DEOH  VKRZV WKH UHVXOWV ZKLFK FRUUHVSRQG WR WKH UHVXOWV
GLVSOD\HGLQ)LJXUH7KHGLOXWLRQUDWHKZDVQRWPDGHLQGXSOLFDWH



Table 4.3. Concentration of free amino acids in the chemostat.
Dilution rate 
(h-1)
Batch 0.05 0.10 0.15
Concentration
(mmol/l)
   

6.6 Flow cytometry  
'XULQJ WKH FKHPRVWDW FXOWLYDWLRQV DQ RSSRUWXQLW\ WR DQDO\]H VDPSOHV LQ D IORZ F\WRPHWHU
DURVH:LWKIORZF\WRPHWU\SK\VLFDODQGFKHPLFDOSURSHUWLHVRIWKHEDFWHULDFDQEHPHDVXUHG
7KH FHOOV SDVV D GHWHFWRU LQGLYLGXDOO\ DQG FDQ EH TXDQWLILHGZKLOH SURSHUWLHV VXFK DV VL]H
VKDSHDQGYLDELOLW\FDQEHVWXGLHG'XULQJWKHDQDO\VLVVL[VDPSOHVZHUHDQDO\]HGLQWKHIORZ
F\WRPHWHURQHIURPDVKDNHIODVNFXOWLYDWLRQ LQ76%RQHZLWKFHOOVZKLFKKDGEHHQNLOOHG
ZLWK HWKDQRO DQG VDPSOHV IURP IRXU GLIIHUHQW GLOXWLRQ UDWHV LQ WKH FKHPRVWDW ,W ZRXOG RI
FRXUVHKDYHEHHQLQWHUHVWLQJWRDQDO\]HVDPSOHVIURPWKHEDWFKFXOWLYDWLRQVDVZHOOEXWWKLV
ZDV QRW SRVVLEOH IRU UHDVRQV RI WLPH DQG UHVRXUFHV ,Q WKH 76%FXOWLYDWLRQ WKH FHOOV ZHUH
\RXQJDQGKHDOWK\7KLVVHUYHGDVD UHIHUHQFHIRUYLDEOHFHOOV7KHFHOOVNLOOHGZLWKHWKDQRO
V\PEROL]HGGHDGFHOOV7KHVHWZRVDPSOHVZHUHLQRUGHUWREHDEOHWRHYDOXDWHWKHYLDELOLW\RI
WKHFHOOVLQWKHFKHPRVWDWVDPSOHV
,Q)LJXUHWKHGLIIHUHQFHLQ)/IRUWKHDQDO\]HGVDPSOHVDUHVKRZQ
Figure 4.10. Difference in FL1. Dead cells (black) and the TSB sample (green) are 
shown to the left while the different dilution rates are shown to the right. 0.10-
purple, 0.05-pink, 0.15-green, 0.20- blue.



7KLVFDQEHFRPSDUHGWR)LJXUHZKHUHWKHVDPSOHVKDYHEHHQSORWWHGDJDLQVW)/


,Q)LJXUH)/KDYHEHHQSORWWHGDJDLQVW)/7KLVJLYHVLQIRUPDWLRQDERXWWKHYLDELOLW\
RIWKHFHOOVEHFDXVHGHDGFHOOVKDYHKLJKHU)/DQGORZHU)/FRPSDUHGWROLYLQJFHOOV7KLV
LVEHFDXVH)/VKRZVWKHFHOOVZKLFKKDYHEHHQFRORUHGZLWK72DQG)/VKRZVWKHFHOOV
WKDWKDYHEHHQFRORUHGZLWK3,

Figure 4.12. FL3 (TO) plotted against FL1 (PI). 
Figure 4.11. Difference in FL3. Dead cells (black) and the TSB sample (green) are 
shown to the left while the different dilution rates are shown to the right. 0.10-purple,
0.05-pink, 0.15-green, 0.20- blue.


4.7 Visual inspection of morphology 
$V PHQWLRQHG LQ WKH PDWHULDO DQG PHWKRG VHFWLRQ WKH VDPSOHV IURP WKH VKDNH IODVN
FXOWLYDWLRQV ZHUH GLOXWHG ZLWK +&O ZKHQPHDVXULQJ WKH RSWLFDO GHQVLW\ 7KLV ZDV GRQH WR
UHPRYH WKH FDUERQDWH VR LW ZRXOG QRW DIIHFW WKH 2'PHDVXUHPHQW )RU EDWFK FXOWLYDWLRQV
ZKHUH QR 0J&2 ZDV DGGHG ZDWHU ZDV QRUPDOO\ XVHG :KHQ +&O ZDV XVHG IRU EDWFK
FXOWLYDWLRQVKRZHYHU WKH VDPSOHGLGQRWGLVVROYH7KLVZDVPRUHDSSDUHQWZKHQ WKHEDWFK
KDG EHHQ JRLQJ IRU D IHZ KRXUV )LJXUH  VKRZV WKLV GLIIHUHQFH ,W FDQ EH VHHQ WKDW WKH
EDWFKVDPSOHLQ+&OOHIWGLGQRWGLVVROYHZKLOHWKHEDWFKVDPSOHLQZDWHUULJKWGLVVROYHG






Figure 4.13 Difference when a batch sample is dissolved in HCl (left) and water (right).  
,QWKHEHJLQQLQJRIDFXOWLYDWLRQZKHQWKHEDFWHULDLVIUHVKDQGKDVDFFHVVWRDORWRIQXWULHQWV
LW GRHV QRW IRUPELRILOP$ VDPSOH IURP D SUH FXOWXUHA.succinogenes LQ76%PHGLXP LV
VKRZQWRWKHOHIWLQ)LJXUH7RWKHULJKWLQWKHILJXUHRQWKHRWKHUKDQGWKHFXOWLYDWLRQ
KDV EHHQ JRLQJ RQ IRU D FRXSOH RI KRXUV DQG WKH EDFWHULD KDYH IRUPHG ELRILOP :KHQ
FRPSDULQJWKHSLFWXUHVLWFDQEHLQWHUSUHWHGDVWKDWA.succinogenes KDVEHFRPHPRUHURGOLNH
WKURXJKRXWWKHFXOWLYDWLRQ




Figure 4.14. A.succinogenes in TSB medium (left) and when it has formed biofilm (right). 
Magnification 40 respectively 100. 
:KHQFRPSDULQJWKHFHOOSHOOHWIURPWKHSUHSDUDWLRQVRI+3/&VDPSOHVIURPDOOFXOWLYDWLRQV
LW FRXOG EH VHHQ WKDW WKH FHOO SHOOHW FKDQJHG LQ FRORU WKURXJKRXW WKH FXOWLYDWLRQ ,Q WKH
EHJLQQLQJWKHFHOOSHOOHWZDVZKLWHEXWDVWKHWLPHZHQWPRUHDQGPRUHFHOOVWXUQHGUHGVHH
)LJXUH  7KLV SKHQRPHQRQ ZDV REVHUYHG IRU ERWK A.succinogenes DQG
B.succiniciproducens :KHQ ERWK UHG DQG ZKLWH FHOOV ZHUH SUHVHQW WKH\ ZHUH VHSDUDWHG
LQGLFDWLQJDGLIIHUHQFHLQGHQVLW\

Figure 4.15. Beginning of the cultivation to the left and towards the end of the cultivation to 
the right. 
,Q )LJXUH  PLFURVFRSLF SLFWXUH RI B.succiniciproducens IURP ZKLWH FHOO SHOOHW OHIW
UHVSHFWLYHO\UHGFHOOSHOOHWULJKWFDQEHVHHQ


Figure 4.16. B.succiniciproducens from white cell pellet (left) and from red cell pellet (right). 
Magnification 100.                    
(YHQWKRXJKWKHFHOOSHOOHWZLWKB.succiniciproducensDOVRVKRZHGDGLIIHUHQFHLQFRORUQR
GLIIHUHQFHLQVKDSHZDVREVHUYHG








5 Discussion 
Shake flask 
,QWKHH[SHULPHQWZLWKDGGLWLRQRIDQGJO[\ORVH)LJXUHLWFDQEHVHHQWKDWWKH
EDFWHULDJUHZDQGSURGXFHGDFLGVZLWKRXW WKHDGGLWLRQRI[\ORVHDVFDUERQVRXUFHPHDQLQJ
WKHUHZDVVRPHWKLQJLQWKH\HDVWH[WUDFWLWFRXOGXVHDVFDUERQVRXUFH+RZHYHUWKHDPRXQW
RIVXFFLQLFDFLGIRUPHGIURP\HDVWH[WUDFWZDVOLPLWHG
)RU B.succiniciproducens )LJXUH  WKH VXFFLQLF DFLG \LHOG ZDV DOPRVW WKH VDPH IRU
GLIIHUHQWFRQFHQWUDWLRQVRI\HDVWH[WUDFW+RZHYHUWKHE\SURGXFWVDQGELRPDVVFRQFHQWUDWLRQ
LQFUHDVHGVRPHZKDWZKHQWKH\HDVWH[WUDFWFRQFHQWUDWLRQZDVLQFUHDVHG2QHH[SODQDWLRQIRU
WKLVFRXOGEHWKDWLQRUGHUWRUHDFKDKLJKHUFRQFHQWUDWLRQRIVXFFLQLFDFLGWKHFRQFHQWUDWLRQ
RIFDUERQVRXUFHPXVWEHLQFUHDVHG)RU$VXFFLQRJHQHV)LJXUHWKHVXFFLQLFDFLG\LHOG
RQ JOXFRVH ZDV KLJKHU WKDQ RQ [\ORVH LQGHSHQGHQWO\ RQ WKH \HDVW H[WUDFW FRQFHQWUDWLRQ
+RZHYHUWKHELRPDVV\LHOGRQJOXFRVHZDVVLPLODUWRWKHELRPDVV\LHOGRQ[\ORVHZLWK
JO\HDVWH[WUDFW
)URP WKH VKDNHIODVN FXOWLYDWLRQ ZLWK DGGLWLRQ RI DPPRQLXP FKORULGH WR VKDNHIODVN ZLWK
A.succinogenes QR QRWLFHDEOH GLIIHUHQFH EHWZHHQ WKH VKDNH IODVNV ZDV REVHUYHG 6LQFH
$VXFFLQRJHQHV FDQXWLOL]H1+&O DVQLWURJHQ VRXUFH 0FNLQOD\ HW DO 7KLV LQGLFDWHG
WKDWLWZDVQRWDGHSOHWLRQLQQLWURJHQVRXUFHWKDWFDXVHVWKHEDFWHULDWRIRUPELRILOP
Batch bioreactor 
7KH EDWFK FXOWLYDWLRQ 7DEOH  IRU B.succiniciproducenV ZLWK  JO \HDVW H[WUDFW LV
VOLJKWO\EHWWHUFRPSDUHGWRWKHRQHZLWKJO7KH\LHOGRIVXFFLQLFDFLGLVDELWKLJKHUEXW
PRVWO\ LW LV WKH SURGXFWLYLW\ DQG [\ORVH FRQVXPSWLRQ UDWH ZKLFK LQFUHDVHG 7KH [\ORVH
FRQVXPSWLRQ LQ %DWFK  ZDV TXLWH ORZ   2QH SRVVLEOH H[SODQDWLRQ FRXOG EH WKDW
B.succiniciproducens QHHGV PRUH QXWULHQWV IURP WKH \HDVW H[WUDFW WKHQ ZKDW ZDV SUHVHQW
ZKLFKLVFRQVLVWHQWZLWKWKHKLJKHUSURGXFWLYLWLHVLQ%DWFK)RUA.succinogenesRQWKHRWKHU
KDQG WKH GLIIHUHQFH ZDV QRW DV DSSDUHQW +RZHYHU VLQFH EDWFK  ZDV QRW SHUIRUPHG LQ
GXSOLFDWH D VLJQLILFDQFH WHVW FDQQRW EH PDGH %RWK EDFWHULD UHDFKHG WKHLU KLJKHVW ELRPDVV
FRQFHQWUDWLRQ IDVWHU ZKHQ WKH \HDVW H[WUDFW FRQFHQWUDWLRQ LV LQFUHDVHG 7KH ILQDO ELRPDVV
FRQFHQWUDWLRQV DUH TXLWH VLPLODU ZLWK WKH KLJK DQG ORZ \HDVW H[WUDFW FRQFHQWUDWLRQ 7KLV
DSSOLHVIRUERWKEDFWHULD
&RPSDUHGWRSUHYLRXVVWXGLHVZLWKEDWFKPRGHFXOWLYDWLRQVRQJOXFRVHWKHVXFFLQLFDFLG\LHOG
RQ[\ORVHZDV VLPLODU IRUA.succinogenes %ULQN	1LFRO WKH VXFFLQLF DFLG \LHOG IRU
B.succiniciproducens RQ[\ORVHZDVDERXWKLJKHUFRPSDUHGWRZKHQJURZQRQJOXFRVH
%HFNHU HW DO  FRQVLVWHQW WR WKH VKDNH IODVN FXOWLYDWLRQV )RUA.succinogenes RQ WKH
RWKHU KDQG WKH VKDNHIODVN FXOWLYDWLRQV FRPSDULQJ [\ORVH DQG JOXFRVH VKRZHG D VOLJKWO\
KLJKHU\LHOGRIVXFFLQLFDFLGIRUJOXFRVHFXOWLYDWLRQV7KHSURGXFWLYLWLHVIRUJURZWKRQ[\ORVH
ZHUHORZHUFRPSDUHGWRJURZWKRQJOXFRVHIURPSUHYLRXVVWXGLHVIRUA.succinogenes%ULQN
	1LFRO7KLVLQGLFDWHVWKDWHYHQWKRXJKWKHVDPHRUKLJKHUVXFFLQLFDFLG\LHOGVFDQEH
DFKLHYHG WKHUHLVVWLOOZRUNWRGRWRPDNHWKH[\ORVHFXOWLYDWLRQVFRPSHWLWLYH2Q WKHRWKHU


KDQGVLQFH[\ORVHLVFKHDSHUWKDQJOXFRVHPD\EHWKHWZRSURFHVVHVZLOOEHHTXDOO\FRVWO\LQ
WKHHQG,QDGGLWLRQ[\ORVHKDVWKHDGYDQWDJHRIEHLQJGHULYHGIURPDQRQIRRGIHHGVWRFN
,QQRQHRIWKHEDWFKPRGHFXOWLYDWLRQVDOOVXJDUZDVFRQVXPHG,QWKHVHFDVHVKLJKHUVXFFLQLF
DFLGWLWHUVFRXOGSUREDEO\KDYHEHHQUHDFKHG:K\QRWDOOVXJDUZDVFRQVXPHGLVGLIILFXOWWR
VD\2QHUHDVRQFRXOGEHWKDWZKHQWKHDFLGVUHDFKDKLJKFRQFHQWUDWLRQWKH\EHFRPHWR[LFIRU
WKH EDFWHULD DQG WKDW LV ZK\ WKH JURZWK VWRSV 7KLV LV KRZHYHU QRW YHU\ OLNHO\ VLQFH WKH
FRQFHQWUDWLRQVRIDFLGVDUHIDUEH\RQGWKHOLPLWVRIZKDWSUHYLRXVVWXGLHVKDYHVKRZQWREH
WR[LF /LQHW DO ,W LVPRUH OLNHO\ WKDW WKHUH LVVRPHWKLQJ LQ WKH\HDVWH[WUDFW WKDW WKH
ERWKEDFWHULDQHHGVIRUH[DPSOHDQHVVHQWLDODPLQRDFLGZKLFKUXQVRXW7KHUDWLREHWZHHQ
FDUERQVRXUFHDQG\HDVWH[WUDFWFRQFHQWUDWLRQZRXOGQHHGWREHRSWLPL]HG
Chemostat 
:KHQLWFRPHVWRWKHFKHPRVWDWFXOWLYDWLRQVWKH\LHOGVRIWKHDFLGVZHUHVLPLODUDWGLIIHUHQW
GLOXWLRQUDWHV7DEOH7KHELRPDVVFRQFHQWUDWLRQGHFUHDVHGDOLWWOHELWIRUK7KLV
ZDVSUREDEO\GXHWRWKDWKDSSURDFKWKHPD[LPXPJURZWKUDWHRIA.succinogenes
KDQGWKHUHIRUHWKHEDFWHULDVWDUWHGWRJHWZDVKHGRXW7KHZDVKRXWH[SHULPHQW)LJXUH
SURYHG WKDW WKH GLOXWLRQ UDWH  G ZDV YHU\ FORVH WKH PD[LPDO JURZWK UDWH RI
A.succinogenesVLQFHLWFDQEHVHHQLQ)LJXUHWKDWWKHFRQFHQWUDWLRQRIELRPDVVGHFUHDVHG
ZKLOHWKHFRQFHQWUDWLRQRI[\ORVHLQFUHDVHG7KHGHFUHDVHLQELRPDVVJRHVTXLWHVORZZKLFK
PHDQVWKDWWKHPD[LPDOJURZWKUDWHKDVQRWEHHQH[FHHGHGVLQFHWKHELRPDVVFRQFHQWUDWLRQ
ZRXOGEHDOPRVW]HURLQWKDWFDVH
)RUWKHGLOXWLRQUDWHKDERXWRIWKH[\ORVHZDVXWLOL]HGIRUKDQGIRU
 K   RI WKH [\ORVH ZDV XWLOL]HG 7KH \LHOGV RI WKH DFLGV DUH VLPLODU EXW WKH
SURGXFWLYLW\DQGFRQVXPSWLRQUDWHLQFUHDVHVZLWKLQFUHDVHGGLOXWLRQUDWH7RKDYHDQHIILFLHQW
SURGXFWLRQERWK \LHOGDQGSURGXFWLYLW\PXVWEH VXIILFLHQW)RU WKDW UHDVRQDVKLJKGLOXWLRQ
UDWHDVSRVVLEOHVKRXOGEHXVHG+RZHYHULWLVDOVRLPSRUWDQWWRQRWZDVWHDQ\IHHGE\OHWWLQJ
LWMXVWSDVVWKURXJKWKHUHDFWRUDQGWKHUHIRUHLWLVQHFHVVDU\WRFRPSURPLVHDQGFKRRVHDORZHU
GLOXWLRQUDWH:LWKWKLVLQPLQGGDSSHDUVWREHDVXLWDEOHGLOXWLRQUDWH$QRWKHUZD\WR
LQFUHDVH WKH SURGXFWLYLW\ LV WR LQFUHDVH WKH FRQFHQWUDWLRQ RI [\ORVH DQG \HDVW H[WUDFW LQ WKH
IHHG7KHQKLJKHUVXFFLQLFDFLG\LHOGDQGWKHUHE\SURGXFWLYLW\ZRXOGEHREWDLQHGHYHQDWD
ORZHU GLOXWLRQ UDWH OLNH  K 7KH [\ORVH DQG \HDVW H[WUDFW FRQFHQWUDWLRQ VKRXOG EH
LQFUHDVHGLQUDWLR ORZHULQJWKHULVNIRUELRILOPIRUPDWLRQ&RPSDUHGWRSUHYLRXVVWXGLHVRQ
JOXFRVH %ULQN 	 1LFRO  WKH VXFFLQLF DFLG \LHOG RQ [\ORVH LV TXLWH VLPLODU EXW WKH
SURGXFWLYLW\LVORZHUDQGWKHVDPHUHDVRQLQJDVIRUWKHEDWFKH[SHULPHQWVFDQEHFRQFOXGHG
Biofilm formation 
:KHQ FRPSDULQJ ELRILOP IRUPDWLRQ LQ D EDWFK FXOWLYDWLRQ )LJXUH  DQG WKH FKHPRVWDW
)LJXUHVLJQLILFDQWO\OHVVELRILOPKDVEHHQSURGXFHGLQWKHFKHPRVWDW,QWKHFKHPRVWDWLW
GLGQRWDIIHFWWKHRSWLFDOGHQVLW\LQGLFDWLQJWKDWNHHSLQJWKHEDFWHULDLQORZFRQFHQWUDWLRQVR
WKDWLWZLOOQRWJHWFURZGHGZLOOSUHYHQWELRILOPIRUPDWLRQ$QHYHQPRUHOLNHO\H[SODQDWLRQ
LVWKDWWKHFRQWLQXRXVVXSSO\RIIUHVKQXWULWLRQJLYHVWKHEDFWHULDDOOLWQHHGVWRJURZ$OVRWKH
UDWLR EHWZHHQ WKH FRQFHQWUDWLRQV LQ FDUERQ VRXUFH DQG \HDVW H[WUDFW DUH SUREDEO\ LQ D JRRG
UDQJH


$V PHQWLRQHG LW VHHPV OLNH WKH EDFWHULD DUH QRW HTXDOO\ SURQH WR IRUP ELRILOP LI WKH
FRQFHQWUDWLRQRIELRPDVVLVUHODWLYHO\ORZ7KLVFRXOGFRUUHVSRQGWRWKHIDFWWKDWWKHEDFWHULD
FRPHVIURPWKHERYLQHUXPHQ%HFDXVHZKHQWKHUHLVDORWRIQXWULHQWWKHEDFWHULDZLOOIORDW
DURXQG SUROLIHUDWH DQG WU\ WR ILQG D QHZ KRVW 2Q WKH RWKHU KDQG ZKHQ WKH QXWULHQW LV
GHFUHDVLQJZKHQWKHFRQFHQWUDWLRQRIEDFWHULDLVKLJKEHFDXVHWKH\KDYHFRQVXPHGLWWKH\
DUHPRUHSURQHWRDGKHUHWRWKHZDOORUVWD\LQWKHUXPHQWRDVVXUHLWVRZQVXUYLYDO
Carbon balances 
7KHFDUERQEDODQFHVIRUWKHEDWFKPRGHFXOWLYDWLRQVGRQRWFORVHEHFDXVHWKHFDUERQGLR[LGH
LVQRWWDNHQLQWRDFFRXQW6LQFHWKHEDFWHULDIRUPVELRILOPWKHELRPDVV\LHOGLVHVWLPDWHGIURP
WKHKLJKHVWPHDVXUHG2'YDOXH7KLVPLJKWQRWEHFRUUHFWEHFDXVHWKHELRPDVVFRQFHQWUDWLRQ
FRXOG EH XQGHUHVWLPDWHG ZKHQ WKH FHOOV VWLFN WR WKH ZDOOV LQ WKH UHDFWRU $OVR IURP WKH
VDPSOLQJRIWKHKLJKHVW2'YDOXHWKHUHZDVXVXDOO\WHQKRXUVXQWLOWKHQH[WVDPSOLQJZKLFK
PHDQV WKDW WKH 2'YDOXH FRXOG KDYH LQFUHDVHG IXUWKHU EHIRUH LW VWDUWHG WR GHFUHDVH
B.succiniciproducens XVXDOO\ JUHZ IDVWHU WKDQ A.succinogenes DQG WKHUHIRUH WKH ELRPDVV
\LHOGV IRU WKH EDWFK PRGH FXOWLYDWLRQV RI B.succiniciproducens DUH PRUH UHOLDEOH 7KLV
H[SODLQV ZK\ WKH FDUERQ EDODQFHV DUH ORZHU IRU A.succinogenes 'XULQJ WKH FKHPRVWDW
FXOWLYDWLRQ WKHUH ZDV QR ELRILOP IRUPDWLRQ VR WKH ELRPDVV \LHOG ZDV QRW XQGHUHVWLPDWHG
+RZHYHU DV PHQWLRQHG WKH FDUERQ GLR[LGH ZDV QRW WDNHQ LQWR DFFRXQW ZKLFK UHVXOWHG LQ
KLJKHUFDUERQEDODQFHV$QRWKHUQRWVR OLNHO\SRVVLELOLW\ LV WKDWDQDGGLWLRQDOE\SURGXFW LV
IRUPHG IRUH[DPSOHHWKDQRO(WKDQROZDVQRWDQDO\]HGIRU LQ WKH+3/&EXW WKHUHZHUHQR
XQLGHQWLILHGSHDNVIRUPHGGXULQJWKHDQDO\]HVPHDQLQJXQNQRZQE\SURGXFWVZKHUHQRW WKH
UHDVRQIRUGHYLDWLQJFDUERQEDODQFHV7KHYDULDWLRQLQWKH+3/&DQDO\VLVLWVHOIPXVWDOVREH
NHSWLQPLQG
Free amino acid analysis 
7KH DPLQR DFLG DQDO\VLV VKRZHG WKDW WKH DPRXQW RI IUHH DPLQR DFLGV GHFUHDVHG GXULQJ D
FXOWLYDWLRQ )LJXUH  &RQWUDU\ WR H[SHFWDWLRQV WKH\ GLG QRW UXQ RXW $OWKRXJK WKH
FDOLEUDWLRQ FXUYH ZDV PDGH ZLWK JO\FLQH ZKLFK LV WKH VPDOOHVW RI WKH DPLQR DFLGV ZKLFK
PHDQVWKDWHYHQWKRXJKWKHFXUYHZDVUHFDOFXODWHGWRPROOLWPLJKWQRWEHUHSUHVHQWDEOHWRDOO
RI WKH DPLQR DFLGV$OVR RWKHU DPLQR DFLGVPLJKW QRW JLYH WKH VDPH YDOXH LQ DEVRUEDQFH
6LQFHQLQK\GULQUHDFWVZLWKDPLQHJURXSVPD\EHDPLQRDFLGVOLNHO\VLQHZRXOGJLYHWZLFHDV
KLJKDEVRUEDQFHEHFDXVHLWKDVWZRDPLQHJURXSV)RUIXWXUHZRUNWKDWFRXOGEHLQYHVWLJDWHG
0RUHRYHUHYHQLIWKHDPRXQWRIIUHHDPLQRDFLGVGLGQRWUXQRXWDFFRUGLQJWRWKHDQDO\VLVLW
FRXOGEHWKDWRQHRIWKHHVVHQWLDODPLQRDFLGVIRUWKHEDFWHULDKDVUXQRXW7KDWFRXOGH[SODLQ
ZK\WKHEDFWHULDVWRSVJURZLQJ)RUIXWXUHZRUNLWFRXOGEHLQYHVWLJDWHGIRUHDFKDPLQRDFLG
E\+3/&LIWKHDPRXQWLVGHFUHDVLQJ,IRQHRIWKHHVVHQWLDODPLQRDFLGVLVOLPLWHGLWFRXOG
H[SODLQ ZK\ WKH EDFWHULD VWRSV JURZLQJ HYHQ LI WKHUH LV VWLOO VXJDU 7KH DQDO\VLV LV D
VSHFWURSKRWRPHWULFPHWKRGZKLFK\LHOGVVRPHXQFHUWDLQWLHV$OVRWKHUHDFWLRQLVYHU\TXLFN
DQGLWLVDPDWWHURIVHFRQGVWRSHUIRUPWKHPHDVXUHPHQWLQRUGHUWRJHWDUHOLDEOHUHVXOW
Flow cytometry 
)URP WKH IORZ F\WRPHWU\ H[SHULPHQW )LJXUH  LW FDQ EH VHHQ WKDW WKURXJKRXW WKH
FXOWLYDWLRQWKHEDFWHULDDSSURDFKHVWKHSORWRIWKHGHDGFHOOV7KLVLQGLFDWHVWKDW WKHGLOXWLRQ


UDWHGRHVQRWDIIHFWWKHVWDWHRIWKHEDFWHULDEXWKRZORQJWLPHWKHFXOWLYDWLRQKDVEHHQJRLQJ
RQGRHV
7KH FKHPRVWDW VDPSOHV DQDO\]HG LQ WKH IORZ F\WRPHWHU KDG YHU\ OLWWOH RU QRQ ELRILOP
IRUPDWLRQ DQG WKHUHIRUH WKH\ZHUHQRW LGHDO WR DQDO\]H LQRUGHU WR HYDOXDWH WKH VWDWHRI WKH
EDFWHULDLQWKHELRILOP,WZRXOGKDYHEHHQPRUHLQWHUHVWLQJWRDQDO\]HVDPSOHVIURPDEDWFK
FXOWLYDWLRQZLWK D ORWRIELRILOP OLNH WKHRQH LQ)LJXUH 6WLOO WKH FRQFOXVLRQ LV WKDW WKH
EDFWHULD SUREDEO\ IHHOV TXLWH DOULJKW GXULQJ WKHZKROH FXOWLYDWLRQ7KLV LV EDVHG RQ WKDW WKH
)/DQG)/SORWVLVPHUHO\ORFDWHGEHWZHHQWKH76%DQGGHDGFHOOVLQYDOXHV)LJXUH
DQG
Visual changes in morphology 
2QHUHDVRQIRUZK\WKHFHOOSHOOHWKDVDGLIIHUHQWFRORUFRXOGEHEHFDXVHWKHEDFWHULDVHFUHWHG
D SURWHLQ ZLWK D SLJPHQW RU WKDW WKH EDFWHULD FKDQJHG VKDSH 7KLV FRXOG H[SODLQ ZK\ WKH
GLIIHUHQWO\ FRORUHG FHOOV JHW VHSDUDWHG GXULQJ FHQWULIXJDWLRQ GXH WR GLIIHUHQFHV LQ GHQVLW\
:KHQORRNLQJDW)LJXUHLWFRXOGEHLQWHUSUHWHGDVWKDWA.succinogenes KDVEHFRPHPRUH
URGOLNH ZKHQ LW IRUPV WKH ELRILOP +RZHYHU WKLV ZDV QRW SRVVLEOH WR FRQFOXGH IRU
B.succiniciproducens
,Q)LJXUH WKHGLIIHUHQFH IRUZKHQDVDPSOHIURPDEDWFKFXOWLYDWLRQZDVGURSSHG LQWR
+&O DQGZDWHU FDQ EH VHHQ $ VDPSOH IURP WKH EHJLQQLQJ RI D EDWFK FXOWLYDWLRQ GLVVROYHV
FRPSOHWHO\LQ+&O2QHUHDVRQZK\WKHVDPSOHEHKDYHVLQWKLVZD\FRXOGEHWKDWWKHEDFWHULD
KDYHSURGXFHGSURWHLQVWKDWGHQDWXUHVLQWKHFRQWDFWZLWK+&ODQGWKHUHIRUHWKHVDPSOHFDQQRW
EHGLVVROYHG0D\EHWKDWSURWHLQDOVRFKDQJHVWKHFRORURIWKHFHOOVRULW LVFRQQHFWHGWRWKH
FKDQJH LQ VKDSH GLVFXVVHG HDUOLHU $QRWKHU H[SODQDWLRQ LV WKDW DIWHU D FRXSOH RI KRXUV RI
FXOWLYDWLRQ WKH FHOO ZDOO LV GDPDJHG DQG WKH K\GURFKORULF DFLG FDQ UHDFK LQWR WKH FHOO DQG
GHVWUR\ WKH SURWHLQV 7KLV VKRZV WKDW VRPHWKLQJ KDSSHQV WR WKH FHOOV WKURXJKRXW WKH
FXOWLYDWLRQDQGPD\EHLWFRXOGEHFRQQHFWHGWRWKHFRXUVHRIELRILOPIRUPDWLRQ
$VFDUERQVRXUFHJOXFRVHLVWKHPRVWFRPPRQDQGJLYHVWKHKLJKHVW\LHOGRIVXFFLQLFDFLGDW
OHDVWIRUA.succinogenes7KRXJKLQWKHLQGXVWULDOVFDOHLWLVLPSRUWDQWWRXVHDFKHDSHUVXJDU
VRXUFHVRWKDWWKHSURFHVVFDQEHFRVWHIIHFWLYHB.succiniciproducensRQWKHRWKHUKDQGVHHPV
WRZRUNEHWWHUZLWK[\ORVHLUUHVSHFWLYHRIWKHFRQFHQWUDWLRQRI\HDVWH[WUDFW,QVWHDG\LHOGRI
WKHE\SURGXFWV LQFUHDVHZKLOH IRUA.succinogenes ERWKE\SURGXFWV DQG WKHSURGXFW LQFUHDVH
ZLWKLQFUHDVHG\HDVWH[WUDFWFRQFHQWUDWLRQ

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6 Conclusions 
x ,WZDVSRVVLEOH WRSURGXFH VXFFLQLF DFLG IURP[\ORVHZLWK VLPLODU \LHOGVRI VXFFLQLF
DFLGDVIRUFXOWLYDWLRQVRQJOXFRVH
x 7KHSURGXFWLYLWLHVIRUSURGXFWLRQRQ[\ORVHZHUHORZHUFRPSDUHGWRJOXFRVHIRUERWK
EDFWHULD
x 7KH \LHOG RI VXFFLQLF DFLG ELRPDVV DQG E\SURGXFWV LQFUHDVHG ZLWK LQFUHDVLQJ
FRQFHQWUDWLRQRI\HDVWH[WUDFWIRUA.succinogenes
x )RU B.succiniciproducens KRZHYHU WKH VXFFLQLF DFLG \LHOG ZDV XQDIIHFWHG RI
LQFUHDVLQJ \HDVW H[WUDFW FRQFHQWUDWLRQ ZKLOH WKH \LHOG RI E\SURGXFWV DQG ELRPDVV
LQFUHDVHG
x 6KRUWDJHRIQLWURJHQVRXUFHZDVQRWWKHUHDVRQIRUELRILOPIRUPDWLRQ
x (YHQ WKRXJK WKHDPRXQWRIIUHHDPLQRDFLGVDUHGHFUHDVLQJGXULQJDFXOWLYDWLRQ WKLV
DORQHFDQQRWH[SODLQWKHVWDQGVWLOOLQJURZWK
x 7KHIORZF\WRPHWU\DQDO\VLVVKRZHGWKDWWKHEDFWHULDPDLQWDLQVLPLODUVWDWHGXULQJWKH
ZKROHFXOWLYDWLRQSURFHVVSUREDEO\GXHWRIUHVKVXSSO\RIQXWULWLRQ
x 7KHH[DFWVWDWHRIWKHEDFWHULDLQWKHELRILOPLV\HWWREHLQYHVWLJDWHG
x 7KHUHVXOWVVKRZHGWKDWLWZDVSRVVLEOHWRKDYHDFKHPRVWDWFXOWLYDWLRQZLWKRXWELRILOP
IRUPDWLRQHYHQWKRXJKWKH\LHOGRIVXFFLQLFDFLGQHHGVWREHLPSURYHG

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



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7 Future work 
,W ZRXOG EH RI LQWHUHVW WR GR PRUH FXOWLYDWLRQV HVSHFLDOO\ FKHPRVWDW FXOWLYDWLRQV )RU
H[DPSOHFKHPRVWDWFXOWLYDWLRQVZHUHWKHFRQFHQWUDWLRQRIFDUERQVRXUFHDQG\HDVWH[WUDFWLV
LQFUHDVHGLQUDWLR)RUH[DPSOHJO[\ORVHDQGJO\HDVWH[WUDFWDQGFRPSDUHWKHUHVXOW
WR WKHFKHPRVWDWZLWKJO[\ORVHDQGJO\HDVWH[WUDFW ,W LVDOVRQHFHVVDU\WR LQFUHDVH
WKH FRQFHQWUDWLRQ RI FDUERQ VRXUFH WR UHDFK KLJK WLWHUV RI VXFFLQLF DFLG LQ RUGHU WR EH
FRPSHWLWLYHRQWKHPDUNHW
,W ZRXOG EH LQWHUHVWLQJ WR UHSHDW WKH H[SHULPHQWV ZLWK JOXFRVH RU D FRPELQDWLRQ RI
JOXFRVH[\ORVHWRVHHLIWKHEDFWHULDSUHIHUVRQHRIWKHFDUERQVRXUFHVRYHUWKHRWKHU%XWDOVR
WRFRPSDUH\LHOGVDQGSURGXFWLYLWLHV
0RVWRIWKHIRFXVLQWKLVUHSRUWKDVEHHQRQA.succinogenesWKHUHIRUHLWZRXOGEHLQWHUHVWLQJ
WR UHSHDW WKH FKHPRVWDW DQG WKH H[SHULPHQW ZLWK DGGLWLRQ RI    JO RI [\ORVH ZLWK
B.succiniciproducens ,Q DGGLWLRQ DOVR WKH DPLQR DFLG DQDO\VLV DQG IORZ F\WRPHWU\ ZLWK
B.succiniciproducens ZRXOGEHLQWHUHVWLQJWRLQYHVWLJDWH  
)RUWKHDPLQRDFLGDQDO\VLVDOOVDPSOHVGXULQJDFXOWLYDWLRQFRXOGEHDQDO\]HGWRJHWDPRUH
H[DFWEHKDYLRU7KLV LQRUGHU WR LQYHVWLJDWH LI LW LVDVKRUWDJHRIDPLQRDFLGV WKDWFDXVH WKH
ELRILOP IRUPDWLRQ RU D KLJK FRQFHQWUDWLRQ RI VXFFLQLF DFLG ZKLFK FDXVHV WKH GHFUHDVH LQ
JURZWK$PHWKRGIRUDQDO\]LQJLQGLYLGXDODPLQRDFLGLQWKH+3/&ZRXOGQHFHVVDU\WRVHHRI
DQ\RIWKHHVVHQWLDODPLQRDFLGVLVPLVVLQJZKHQWKHJURZWKVWRSV$OVRIORZF\WRPHWU\IRU
EDWFKH[SHULPHQWVZLWKDORWRIELRILOPIRUPDWLRQFRXOGEHRILQWHUHVWWRUHDOO\VHHLQZKLFK
FRQGLWLRQWKHEDFWHULDLV
0HWDEROLF HQJLQHHULQJ RI WKH EDFWHULD FRXOG EH FRQVLGHUHG )RU H[DPSOH RYHUH[SUHVVLRQ RI
3(3&. FRXOG LQFUHDVH WKH IORZ WR VXFFLQLF DFLG 'HOHWLRQV RI WKH SDWKZD\V IRUPLQJ WKH
E\SURGXFWVPDLQO\DFHWLFDQGIRUPLFDFLGFRXOGDOVREHRQHZD\WRJR$OWKRXJKGHOHWLRQRI
WKHVHSDWKZD\VFRXOGUHVXOWLQDQLQFUHDVHLQRWKHUE\SURGXFWVVXFKDVODFWLFDFLGRUHWKDQRO
$OVRWKHHQJLQHHUHGEDFWHULDPD\JURZVORZHUWKDQWKHZLOGW\SH
)XUWKHU UHVHDUFK RQ WKH SRVVLELOLWLHV RI in situ VHSDUDWLRQ LV RI JUHDW LQWHUHVW VLQFH LWZRXOG
VROYHLPSRUWDQWSUREOHPV

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6FKROWHQ(5HQ]7	7KRPDV-&RQWLQXRXVFXOWLYDWLRQDSSURDFKIRUIHUPHQWDWLYH
VXFFLQLF DFLG SURGXFWLRQ IURP FUXGH JO\FHURO E\ %DVILD VXFFLQLFLSURGXFHQV ''
Biotechnology letters  SS± $YDLODEOH DW
KWWSZZZQFELQOPQLKJRYSXEPHG>$FFHVVHG-DQXDU\@
6RQJ+	/HH6<3URGXFWLRQRI VXFFLQLFDFLGE\EDFWHULDO IHUPHQWDWLRQEnzyme 
and Microbial Technology  SS± $YDLODEOH DW
KWWSOLQNLQJKXEHOVHYLHUFRPUHWULHYHSLL6 >$FFHVVHG -XO\ 
@
7VXML $ HW DO  0HWDEROLF HQJLQHHULQJ RI /DFWREDFLOOXV SODQWDUXP IRU VXFFLQLF DFLG
SURGXFWLRQ WKURXJK DFWLYDWLRQ RI WKH UHGXFWLYH EUDQFK RI WKH WULFDUER[\OLF DFLG F\FOH
Enzyme and microbial technology  SS± $YDLODEOH DW
KWWSZZZQFELQOPQLKJRYSXEPHG>$FFHVVHG$SULO@


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9 Table of abbreviations  
6\PERO 0HDQLQJ 8QLW
<VV

<LHOGJVXFFLQLFDFLGJ[\ORVH JJ
<VI

<LHOGJIRUPLFDFLGJ[\ORVH JJ
<VD

<LHOGJDFHWLFDFLGJ[\ORVH JJ
<VO

<LHOGJODFWLFDFLGJ[\ORVH JJ
<V[

<LHOGJELRPDVVDFLGJ[\ORVH JJ
TV

&RQVXPSWLRQUDWHRI[\ORVH JOāK
TVXF

3URGXFWLRQUDWHRIVXFFLQLFDFLG JOāK


 
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10 Appendices 
Appendix A: Medium
Tryptone soy broth (TSB) 
3HSWRQHIURPFDVHLQH J
3HSWRQHIURPVR\ J
*OXFRVH J
1D&O J
.+32 J

'LVVROYHLQPOZDWHU
Succinate growth medium 
1D+32 J
1D+32 J
1D&O J
0J&Oā+2 J
&D&Oā+2 J

'LVVROYHLQPOZDWHU









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
Appendix B: HPLC standard 

 )DFWRU *OXFRVH ;\ORVH 6XFFLQDWH /DFWDWH )RUPDWH $FHWDWH
/HYHO       
/HYHO       
/HYHO       
/HYHO       
/HYHO       
/HYHO       
/HYHO       

 
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Appendix C: Free amino acid analysis  
Color reagent 
1D+32ā+2 J
1LQK\GULQ J
)UXFWRVH J
.++32 J

'LVVROYHLQPOZDWHU
Dilution reagent 
.,2 J
3XUHHWKDQRO P/
+2 P/

Figure 10.1. Calibration curve with glycine, R2=0.9876.
LY

Appendix D: Experimental plan
$QRYHUYLHZRIWKHSODQQHGH[SHULPHQWVDQGWKHWLPHSODQIRUZKHQWKHH[SHULPHQWVVKRXOG
EHFDUULHGRXWLVVKRZQLQ7DEOH7KHPDLQSXUSRVHZLWKWKHVKDNHIODVNH[SHULPHQWVLV
WR VHH LI WKH JURZWK LV DIIHFWHG E\ WKH FRQFHQWUDWLRQ RI \HDVW H[WUDFW 7KHQ IURP WKH VKDNH
IODVN H[SHULPHQWV WKH FRQGLWLRQV IRU WKH EDWFK FXOWLYDWLRQVZLOO EH FKRVHQ 7KHUHDIWHU RQH
FKHPRVWDW FXOWLYDWLRQ IRU HDFK EDFWHULD ZLOO EH GRQH EDVHG RQ WKH UHVXOW IURP WKH EDWFK
FXOWLYDWLRQV
7KHFDUERQVRXUFHZLOOEHHLWKHUJOXFRVH*RU[\ORVH;DQGWKHRUJDQLVPA. succinogenes 
$6RUB. succiniciproducens%67KHFXOWLYDWLRQVZLOOEHLQVKDNHIODVNV6)EDWFK%
RU FKHPRVWDW & $OO H[SHULPHQWV ZLOO EH SHUIRUPHG LQ GXSOLFDWHV LQ RUGHU WR FRQILUP
UHSURGXFLELOLW\ 7KH OLWHUDWXUH VWXG\ UHVXOW HYDOXDWLRQ DQG UHSRUW ZULWLQJ ZLOO EH GRQH
FRQWLQXRXVO\GXULQJWKHSURMHFWDQGSDUDOOHOWRWKHH[SHULPHQWV
Table 10.1. Overview of when which experiment will take place. 
Week Experiment (Duplicate) Number of tries
3 <(;$66)
<(;%66)
[
4-5 /LWHUDWXUHVWXG\ 
6 <(;$66)
<(;$66)
<(;%66)
<(;%66)
[
7 <(;$66)
<(*$66)
<(;%66)
<(*%66)
[
8 <(;$6% [
9 <(;$66)
<(;$66)
<(;$66)
'U\ZHLJKWGHWHUPLQDWLRQ$6DQG%6
[
10 <(;$6% [
11 <(;$6% [
12 <(;$66)
1+&OJO
[
13 <(;%6% [
14 <(;%6% [
15-16 <(;$6& [
17-18 <(;$6& [
19 )UHHDPLQRDFLGDQDO\VLVIORZF\WRPHWU\ 
20-22 5HSRUW 
; ;\ORVH * *OXFRVH $6  Actinobacillus succinogenes %6 Basfia Succiniciproducens 6) 6KDNH )ODVN
% %DWFK& &KHPRVWDW
Y

Appendix E: Dry weight determination 
'U\ ZHLJKW GHWHUPLQDWLRQ ZDV GRQH IRU ERWK RUJDQLVPV WKH OLQHDU UHJUHVVLRQ IRU
A.succinogenesLVVKRZQLQ)LJXUHDQGLQ)LJXUHIRUB.succiniciproducens

Figure 10.2. Dry weight determination for A.succinogenes. R2=0.9999. 


Figure 10.3. Dry weight determination for B.succiniciproducens. R2=0.9899. 
 
YL

Appendix F: Populärvetenskaplig sammanfattning 
%LRORJLVNSURGXNWLRQDYElUQVWHQVV\UDIUnQVRFNUHW[\ORV
Bärnstenssyra är en kemisk förening med många användningsområden. Bland annat 
kan den användas för tillverkning av bioplaster. Jag har i mitt exjobb undersökt hur 
bärnstenssyra kan produceras med bakterier som finns naturligt i komagar. 
%lUQVWHQVV\UD lU HQ VYDJ V\UD VRP KDU IOHUD DQYlQGQLQJVRPUnGHQ EODQG DQQDW VRP
VXUKHWVUHJOHUDUHLPDWRFKLWLOOYHUNQLQJHQDYELRSODVWHU%lUQVWHQVV\UDKDUlYHQSHNDWVXWVRP
HQYLNWLJEDVNHPLNDOLHLIOHUDXQGHUV|NQLQJDU
%lUQVWHQVV\UD WLOOYHUNDV LGDJEnGHIUnQROMDRFKSnELRORJLVNYlJ'HQ LQJnUQlPOLJHQ LYnU
lPQHVRPVlWWQLQJ RFK SURGXFHUDV QDWXUOLJW L GH IOHVWD FHOOHU 'n GHW lU YLNWLJW DWW KLWWD
DOWHUQDWLY WLOO DWW DQYlQGD IRVVLOD UnYDURU lU ELRORJLVN SURGXNWLRQ DY ElUQVWHQVV\UD IUnQ
I|UQ\EDUDUnYDURUDYVWRUWLQWUHVVH,GDJVOlJHWSURGXFHUDVXQJHIlUOLNDP\FNHWElUQVWHQVV\UD
Sn ELRORJLVN YlJ VRP IUnQ ROMD 'HW ILQQV I|U QlUYDUDQGH I\UD I|UHWDJ VRP SURGXFHUDU
ElUQVWHQVV\UDSnELRORJLVNYlJWYnL(XURSDRFKWYnL86$$OODI|UHWDJHQDQYlQGHUJOXNRV
GHQ YDQOLJDVWH HQNOD VRFNHUDUWHQ VRP UnPDWHULDO  , GHQ ELRORJLVND SURFHVVHQ KDU GHW
UDSSRUWHUDWVRPVnJRWWVRPWRWDODYVDNQDGDYQHWWRXWVOlSSDYYl[WKXVJDVHUVnVRPNROGLR[LG
MlPI|UWPHG WLOOYHUNQLQJHQ DY ElUQVWHQVV\UD IUnQ IRVVLOD UnYDURU ,QWUHVVDQW lU DWW NROGLR[LG
IDNWLVNWNDQI|UEUXNDVYLGWLOOYHUNQLQJHQDYElUQVWHQVV\UD'HEDNWHULHUVRPKDUVWXGHUDWVLGHW
KlUSURMHNWHWNRQVXPHUDUNROGLR[LGI|UDWWNXQQDSURGXFHUDV\UDQ
(WWDQQDWDOWHUQDWLYWLOOJOXNRVlUDWWDQYlQGDVLJDYVRFNUHW[\ORV;\ORVlUHWWVRFNHUPHGIHP
NRODWRPHUVRPWLOOVWRUGHOILQQVLDYIDOOVVWU|PPDUIUnQYLVVDSDSSHUVPDVVDEUXN'HWWDJ|UDWW
GHWGHOVEOLUELOOLJDUHVRPUnPDWHULDOPHQHWW\WWHUOLJDUHSOXVlUDWWGHWInVXUUnYDUDVRPLQWH
DQYlQGVVRPPDW
'HWWDSURMHNWKDU VWXGHUDW RPGHW lUP|MOLJW DWW SURGXFHUDElUQVWHQVV\UD OLNDEUD IUnQ[\ORV
VRP IUnQ JOXNRV 7Yn DY GH ElVWD NlQGD EDNWHULHUQD Sn DWW SURGXFHUD ElUQVWHQVV\UD KDU
VWXGHUDWV %nGD GHVVD EDNWHULHU NRPPHU IUnQ NRPDJDU VRP lU HQ NROGLR[LGULN PLOM|
%DNWHULHUQDKDURGODWVEnGH VDWVYLVRFKNRQWLQXHUOLJW , HQ VDWVYLVRGOLQJ WLOOVlWWV DOOW VRFNHU
IUnQ E|UMDQ RFK VHQ YlQWDU PDQ WLOOV VRFNUHW I|UEUXNDWV , HQ NRQWLQXHUOLJ RGOLQJ GlUHPRW
WLOOVlWWV VRFNUHW RFK QlULQJVlPQHQ NRQWLQXHUOLJW JHQRP DWW HQ YlWVNHVWU|P SXPSDV LQ L
UHDNWRUQ%DNWHULHUQD Yl[HU RFK SURGXFHUDU V\UD Sn HQ MlPQNRQFHQWUDWLRQ KHOD WLGHQ%nGH
EDNWHULHUQDRFKV\URUQDI|UVXWXUUHDNWRUQLHWWXWIO|GHLVDPPDWDNWVRPVRFNUHWSXPSDVLQ
3URFHVVHQVXWE\WHRFKHIIHNWLYLWHWKDUXWYlUGHUDWVJHQRPDWWRGODGHVVDEDNWHULHUXQGHUROLND
EHWLQJHOVHURFKPHG[\ORVVRPNRONlOOD
(IWHUGHVVDI|UV|NKDUMDJNRPPLWIUDPWLOODWW[\ORVlUHQQlVWDQOLNDEUDNRONlOODVRPJOXNRV
(Q LQWUHVVDQW REVHUYDWLRQ YDU DWW EDNWHULHUQD NOLEEDGH IDVW Sn \WRUQD L UHDNWRUQ Vn NDOODG
LPPRELOLVHULQJ'HQQDLPPRELOLVHULQJYHUNDGHLQWUlIIDGnEDNWHULHUQDInUEULVWSnQlULQJ
bYHQ RP SURFHVVHQ EHK|YHU I|UElWWUDV lU [\ORV HWW ORYDQGH VXEVWUDW I|U IUDPWLGD
ElUQVWHQVV\UDSURGXNWLRQ6RPQlPQWVWLGLJDUHVnILQQV[\ORVLIOHUDDYIDOOVVWU|PPDUVRPLQWH
XWQ\WWMDV WLOO IXOOR LGDJ  $QYlQGQLQJ DY GHVVD ELGUDU WLOO PLQGUH DYIDOO VDPWLGLJW VRP
SURFHVVHQPLQVNDUPLOM|SnYHUNDQDYYl[WKXVJDVHU




